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Abstract
The presence of Pseudomonas aeruginosa 1244 pili on the bacterial surface is
dependent upon the growth environment. Quantitative western immunoblot analysis
showed that an agar plate promoted surface expression of pili, whereas bacterial cells
grown in liquid broth lacked similar appendages. Hyperexpression of the pilA gene
increased piliation in broth cells but not to the extent of plate cells. Real-time RT-PCR
indicated that the pilA gene has the potential to be regulated posttranscriptionally,
regardless of the growth environment.
The P. aeruginosa 1244 pilin glycan and lipopolysaccharide O-antigen are
synthesized via the same biosynthetic pathway. Rabbits immunized with LPS-free pili
produced antibodies that recognized both pili and LPS. Serum from these animals was
analyzed using ELISA assays, and the pilin glycan was found to be an important
immunogenic epitope directing strong responses against both the glycan and O-antigen.
This could prove useful in P. aeruginosa vaccine generation.
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I.

Introduction

A.

Pseudomonas aeruginosa
Pseudomonas aeruginosa is a common environmental rod-shaped, gram-

negative bacterium (Lyczak et al., 2000) (Figure 1). A member of the
Pseudomonadaceae family, it is an opportunistic pathogen in both humans and animals
(Stanislavsky and Lam, 1997). In 1862, P. aeruginosa was first observed in humans as
rod-shaped particles in blue-green pus. Gessard in 1882 was the first to isolate the
bacterium and termed it Bacillus pyocyaneus (Lyczak et al., 2000). Finally in 1890,
Charrin recognized P. aeruginosa as a pathogen (Bodey et al., 1983).

Figure 1: P. aeruginosa is a rod-shaped bacterium as depicted in the above electron
micrograph (Jewell, 2004, unpublished data).
P. aeruginosa is easily recognized in the laboratory, as it produces pyocyanin, a
characteristic water and chloroform-soluble phenazine pigment. Growth medium
assumes a blue-green color in the presence of pyocyanin (Figure 2). P. aeruginosa
also maintains the distinct ability to reduce nitrate to nitrogen gas in the absence of
oxygen (Stanislavsky and Lam, 1997).
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Figure 2: P. aeruginosa that has produced pyocyanin. This is evident, as the growth
medium has assumed the blue-green color of the pigment (www.microbelibrary.org/
images/DELISLE/Images/GRNPSA.JPG).
P. aeruginosa, besides being found in the laboratory, is ubiquitous in the
environment. It possesses abilities to colonize multiple environmental niches, including
soil, marshes, marine habitats, and plant and animal tissues. The intrinsic resistance to
antibiotics and disinfectants that P. aeruginosa exhibits helps it flourish in many of these
niches. In addition, P. aeruginosa can utilize many environmental compounds as
energy sources. These abilities help the bacterium to succeed as an opportunistic
pathogen (Lyczak et al., 2000).
All in all, the primary reason P. aeruginosa is so ubiquitous in the environment is
its large genome size and genetic complexity. Of the 25 sequenced bacterial genomes,
the P. aeruginosa genome is the largest at 6.3 million base pairs. With 5,570 predicted
open reading frames, the bacterium’s genetic complexity is similar to that of the simple
eukaryote Saccharomyces cerevisiae. When the genome was analyzed, many genes
were in fact found to have functions consistent with the abilities of P. aeruginosa to
thrive in diverse environments and to resist the effects of antimicrobial substances.
Some of these genes include the following: a large number of regulatory genes, many
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encoding outer membrane proteins that serve to transport antibiotics and virulence
factors, genes encoding proteins involved in the import of nutrients and other molecules,
a substantial number encoding enzymes of β-oxidation, genes involved in multidrug
efflux systems, and finally some involved in chemotaxis systems (Stover et al., 2000).
B.

P. aeruginosa and Disease
As P. aeruginosa is an opportunistic pathogen, it rarely causes infection in

healthy individuals. However, it does pose a threat to immunocompromised hospital
patients, such as those suffering from cancer or AIDS (Lyczak et al., 2000). Notably,
this organism was ranked the second most frequent pathogen in surgery and third in
medicine. P. aeruginosa is also among the most commonly isolated bacteria from
patients’ pus, sputum, and blood (Stanislavsky and Lam, 1997). In addition, P.
aeruginosa serves as a constant source of contamination throughout hospitals,
frequenting locations such as faucets, sink drains, water pitchers, suction apparatuses,
and respirators (Bodey et al., 1983).
Three of the most noteworthy diseases P. aeruginosa may cause include,
bacteremias in burn victims and liver transplant recipients, lung infection in cystic
fibrosis patients, and keratitis infection in the cornea of the eye (Lyczak et al., 2000;
Singh et al., 2004). This organism may also cause minor diseases such as, urinary
tract infections, surgical wound infections, and lower respiratory tract infections (Bodey
et al., 1983).
With burn victims, it is easy to see why P. aeruginosa bacteremias are
widespread. These individuals have lost their first line of defense against infection, the
skin barrier. With no blockade to prevent their colonization, P. aeruginosa can rapidly
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inhabit burns. To illustrate just how quickly this organism moves, 70% of burn victims
have P. aeruginosa present in their wounds only after the third week following injury
(Bodey et al., 1983; Lyczak et al., 2000). Exoenzyme S production allows P.
aeruginosa to subsequently disseminate from the burn site to result in systemic infection
(Fleiszig et al., 1997). In the worst case scenario, the infection can be deadly in select
burn victims (Pirnay et al., 2003). Likewise, P. aeruginosa induced bacteremias are
common among liver transplant recipients, accounting for 19% of bacterial infections
post-transplantation. With an abdominal origin, P. aeruginosa takes advantage of the
transplant recipient’s down immune system to act and cause infection (Singh et al.,
2004).
For cystic fibrosis patients, chronic P. aeruginosa airway infection and the
accompanying inflammatory response are major problems (Lyczak et al., 2002). Just in
the United States alone, approximately 70% of patients with cystic fibrosis suffer from
chronic P. aeruginosa infection (Erwin and Vandevanter, 2002). Cystic fibrosis is an
inherited and often lethal disease. Due to a mutation in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, the product chloride channel on
the apical surface of many epithelial cells does not function properly. Epithelial cells
affected include those in sweat glands, salivary glands, airways, nasal passages, bile
ducts, the pancreas, and the intestines. Overall, the malfunction produces disturbed
salt and water transport and also a buildup of mucous particularly in the airways (Chmiel
and Davis, 2003; Vogelberg et al., 2003). The outer core oligosaccharide of P.
aeruginosa lipopolysaccharide (LPS) binds CFTR in individuals not suffering from cystic
fibrosis (Darling and Evans, 2003). Bound epithelial cells via CFTR next internalize and
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clear P. aeruginosa (Pier et al., 1997). Nonfunctional CFTR in cystic fibrosis patients,
however, results in a lack of LPS binding and essentially the survival of P. aeruginosa,
propagating chronic airway infection (Kowalski and Pier, 2004). In addition, P.
aeruginosa infecting cystic fibrosis patients converts to a mucoid phenotype, amplifying
inflammation and tissue destruction to an even greater extent. Once mucoid organisms
appear, respiratory decline prevails and the prognosis becomes extremely poor (Firoved
et al., 2004). Besides converting to a mucoid form, P. aeruginosa in cystic fibrosis
patients shuts off flagellin synthesis. Flagella on the bacterium are immunogenic and
often detected by the host immune defenses. P. aeruginosa likely represses flagellin
synthesis so that it may avoid host defense mechanisms and continue infecting the
patient (Wolfgang et al., 2004). Lastly, inducible nitric oxide synthase (iNOS) activity is
lacking in airway epithelial cells in cystic fibrosis patients. In normal individuals, P.
aeruginosa infection and the associated inflammatory response stimulate iNOS, the
third isoform of nitric oxide synthase, to produce nitric oxide in the lungs. Nitric oxide
has antimicrobial activity, and without its presence, P. aeruginosa can thrive in cystic
fibrosis individuals (Darling and Evans, 2003; Kelley and Drumm, 1998).
P. aeruginosa is frequently associated with keratitis infections in the cornea of
the eye (Figure 3). Healthy corneal epithelial cells are not bound often by this organism,
but when damaged, such as by improper contact lens usage, P. aeruginosa can adhere
to exposed receptors and infect the cornea (Lomholt et al., 2001). P. aeruginosa
accesses the corneal environment via contamination of the contact lens, the lens
cleaning solutions, or the contact lens storage case (Lakkis and Fleiszig, 2001). Once
in contact with the cornea, molecules such as pilin, alginate, and exoenzyme S, serve
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as adhesins, aiding the organism in colonization and infection (Lomholt et al., 2001).
Additionally, LPS plays a part in the P. aeruginosa corneal infection, assisting in both
colonization of the eye and evasion of host immune defenses (Evans et al., 2002).
Ultimately, the infection may cause such severe corneal scarring that vision is lost
permanently (Lakkis and Fleiszig, 2001).

Figure 3: P. aeruginosa may cause keratitis infections in the cornea of the eye, similar
to the one pictured here (www.augen-forum.de/pix/hornhaut2.php).
C.

Virulence Factors of P. aeruginosa
Many virulence factors help make P. aeruginosa a successful pathogen. First, P.

aeruginosa is extremely resistant to anti-microbial agents. This resistance can be
attributed to low outer membrane permeability, the existence of periplasmic betalactamases, and numerous drug efflux pumps (Rocchetta et al., 1999). Also, due to the
cationic properties of the O-antigen, the passage of hydrophobic antibiotics is restricted
(Pier et al., 1996). Second, P. aeruginosa synthesizes both cellular and extra cellular
products to ensure infection of its hosts. Cellular products include lipopolysaccharide,
alginate, flagella, and pili. Pyocyanin, exotoxins, proteases, and hemolysins comprise
the extra cellular products (Van Delden and Iglewski, 1998). More discussion regarding
these products follows below.
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1.

Cellular Products

Like many gram-negative bacteria, P. aeruginosa has a lipopolysaccharide (LPS)
layer in its outer membrane. Three specific regions can be identified in LPS: the lipid A
backbone, the core oligosaccharide region, and the O-specific polysaccharide chain
(Figure 4). The lipid A region consists of two glucosamine-phosphate molecules bound
to lipid chains that may vary in length and quantity depending on the bacterial strain.
On the other hand, the core oligosaccharide region always has the same saccharide
sequence no matter what the bacterial strain. As for the O-specific polysaccharide
chain, two types exist, A-band and B-band. A-band is a neutral homopolymer of Drhamnose repeating sugar units, whereas B-band is a repeating heteropolymer of uronic
acid derivatives and rare sugars (Lins and Straatsma, 2001). P. aeruginosa may
possess either a rough or smooth form of LPS. With rough LPS, there is no O-specific
polysaccharide chain, but in smooth LPS the O-chain is present. Variation in O-chains
differentiates the serotypes among LPS smooth strains of P. aeruginosa. Also, the
smooth form of LPS aids the bacterium greatly in pathogenicity (Goldberg et al., 1992;
Lins and Straatsma, 2001).
LPS contributes to P. aeruginosa virulence by acting as an adhesin. It binds to
glycolipid gangliotetraosylceramide (asialo GM1) receptors of host epithelial cells,
assisting the bacterium in initial attachment (Gupta et al., 1994). Also, the O-specific
chain of P. aeruginosa LPS has been found to resist attachment of C3b in the
complement immune response pathway (Engels et al., 1985). This resistance to C3b
attachment allows the bacterium to avoid phagocytosis (Engels et al., 1985). Lastly, P.
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aeruginosa LPS induces a pronounced inflammatory response in the host (Wieland et
al., 2002).

Figure 4: The structure of LPS (pathmicro.med.sc.edu/fox/cell_envelope.htm).
Alginate is the primary mucoid substance of P. aeruginosa. Specifically, it is a
linear polymer of β (1 → 4)-linked-D-mannuronic acid and its C-5 epimer L-guluronic
acid. The mechanism for the polymerization of alginate is not known. However, many
genes have been identified that are involved in the regulation, sensing of environmental
signals, and switching on of the alginate biosynthetic pathway. With regard to its
functions in virulence, alginate protects P. aeruginosa bacteria from phagocytosis and
stands up against antibiotics quite well (Stanislavsky and Lam, 1997). It has also been
found to play a role in adherence of the bacteria to host cells (Baker and Svanborg-
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Eden, 1989). Lastly, extensive alginate production is associated with the mucoid P.
aeruginosa common to cystic fibrosis infections (Firoved et al., 2004).
Like many other microbial species, P. aeruginosa bacteria have appendages
known as flagella enabling them to be motile. Specifically, a single flagellum is a rotary
structure driven from a motor at the base, similar to a propeller. Composed of over 20
proteins and with an additional 30 required for assembly and regulation, a flagellum is
an extremely complex bacterial structure (Bardy et al., 2003). Flagella help in the
acquisition of vital nutrients, along with permitting the bacteria to be more invasive than
those strains lacking these appendages (Feldman et al., 1998). However, flagella are
also known to be highly immunogenic, stimulating nonopsonic phagocytosis of the
bacteria by macrophages and neutrophils (Mahenthiralingham and Speert, 1995).
Along with flagella, P. aeruginosa bacteria possess pili (Figure 5), which serve as
an important virulence factor for colonization and infection of host cells. The virulence
of pili lies primarily in their ability to promote initial attachment of the P. aeruginosa
bacteria to epithelial host cells. Pili also have a significant role in motility, allowing the
bacterium to move around host cell surfaces, propagating infection (Strom and Lory,
1993). Additional functions of pili include, biofilm formation, bacteriophage adsorption,
and natural transformation (Craig et al., 2003). More extensive discussion regarding P.
aeruginosa pili follows at a later point.
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Cell
Pili

Flagellum

Figure 5: A P. aeruginosa bacterium. A single flagellum extends from a pole of the cell,
along with many pili (Jewell, 2004).
2.

Extra Cellular Products

As aforementioned, P. aeruginosa produces pyocyanin. Specifically, pyocyanin
is a zwitterion capable of penetrating biological membranes. In patients suffering from
various P. aeruginosa infections, it is found in significant amounts in their bodily
secretions. Although long disputed, it is now known that pyocyanin does in fact
contribute to the pathogenicity of P. aeruginosa. It does so by inhibiting host cell
respiration, ciliary function, growth, and calcium homeostasis (Lau et al., 2004). Also,
pyocyanin alters the host immune response against the invading P. aeruginosa bacteria
(Lau et al., 2004).
P. aeruginosa exotoxin A is another extra cellular virulence factor produced by
this opportunistic pathogen. It is delivered to the host cells via the Xcp type II secretion
system (Durand et al., 2003). Amazingly, P. aeruginosa exotoxin A is 10,000 more
times toxic than the LPS layer of this bacterium (Elzaim et al., 1998). A single
polypeptide chain of approximately 70kDA in weight and with three functional domains
10

comprises exotoxin A (Willnow and Herz, 1994). It can gain entry to host cell
macrophages by binding the low-density lipoprotein receptor-related protein (LRP) on
their surface (Laithwaite et al., 1999). Domain I mediates this binding to macrophage
surfaces. Domain II then allows exotoxin A to fuse and also to translocate into the
cytosol. Through ADP ribosylation, domain III subsequently inactivates elongation
factor-2, inhibiting protein biosynthesis and damaging the macrophages that are
working to clear P. aeruginosa from the host cells (Willnow and Herz, 1994).
Additionally, several studies have pointed to a proinflammatory role of exotoxin A in host
cells (Wieland et al., 2002).
Type III secretion systems allow not only P. aeruginosa, but also other
pathogens, to inject bacterial toxins directly across their two bacterial cell membranes
and through the eukaryotic host cell membrane (Cornelis and Van Gijsegem, 2000)
(Figure 6). Toxins injected via the P. aeruginosa type III secretion system include
exoenzymes S, T, U, and Y (Yahr et al., 1998). Exoenzyme S (ExoS) is an enzyme that
serves to ADP ribosylate several host cell membrane-associated proteins (Baker et al.,
1991). This ADP ribosylating activity of ExoS has been deemed necessary for P.
aeruginosa induced apoptosis of host cells (Kaufman et al., 2000). Additionally, ExoS
plays a significant role in adhesion to the host cell, binding the same
gangliotriosylceramide receptors that the intact bacterium binds (Baker et al., 1991).
Interestingly, ExoS production correlates positively with P. aeruginosa dissemination
from the initial colonization site in epithelial cells to produce systemic infection (Fleiszig
et al., 1997). Exoenzyme U (ExoU) was initially identified for its cytotoxic activity toward
mammalian cells. In P. aeruginosa, it is a 74kDA protein and through its phospholipase
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activity, serves as an important cytotoxic factor. The presence of ExoU has been
associated with the death of host epithelial cells, macrophages, and fibroblasts (Rabin
and Hauser, 2003; Sato and Frank, 2004; Tamura et al., 2004). Exoenzyme Y (ExoY)
is an adenylate cyclase, and its activity is associated with cAMP fluctuations and
morphology changes in host epithelial cells. Lastly, the role of exoenzyme T (ExoT) has
yet to be determined, but some speculate it may have ADP ribosylating activity similar
to that of ExoS (Hogardt et al., 2004; Yahr et al., 1998).

Figure 6: A general diagram of the type III secretion system. Structural proteins form
the needle which extends from the bacterial cytoplasm, through the gram-negative
envelope to the extra cellular space, where the tip inserts into the host cell membrane.
Protein effectors from the microbe are injected into the host cytoplasm via this needlelike structure (www.jenner.ac.uk/BacBix3/PPvir_facs.htm). (IM = inner membrane, PP =
periplasm, OM = outer membrane, HCM = host cell membrane)
12

In addition, P. aeruginosa produces extracellular proteases that are involved in
the establishment and maintenance of disease. The two main proteases that play a role
are elastase and alkaline protease (Cryz and Iglewski, 1980). For elastase, there exist
two types, A and B. Both forms are metalloproteases, weighing approximately
39.5kDA, that degrade elastin. Elastase B, however, is also responsible for the
degradation of collagen, fibrin, immunoglobin G, immunoglobin A, interferon γ, tumor
necrosis factor α, and intact basement membranes. Elastase A is suspected to be
essential for P. aeruginosa virulence in cystic fibrosis and corneal infections, whereas
elastase B is thought to be vital in burn and respiratory infections (Caballero et al.,
2001; Yanagihara et al., 2003). Recent studies also indicate that both forms of P.
aeruginosa elastase may be involved in the destruction of surfactant proteins A and D,
proteins which play important roles in the host innate immune defense (Mariencheck et
al., 2003).
Turning to alkaline protease, it is a metalloprotease as is elastase. It has been
shown to degrade the C1q and C3 proteins of serum complement and also gamma
interferon (Kooi et al., 1997). P. aeruginosa alkaline protease has been associated with
virulence in corneal infections, although it is not essential, as indicated by alkaline
protease-deficient mutants capable of adhering to and establishing infection in corneal
tissue (Pillar et al., 2000).
Besides the two main proteases that play a role in most P. aeruginosa infections,
there exists an extra protease important in keratitis infections, extracellular enzyme
protease IV (Caballero et al., 2004). P. aeruginosa protease IV is a 26kDa lysinespecific protease. Three domains comprise this protein, a signal sequence, a
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propeptide domain, and a mature protease (Traidej et al., 2003b).

Protease IV is

synthesized intracellularly as a 48kDa pre-proenzyme. It is then processed, during
which time a 45kDa intermediate containing the propeptide and mature protease
domains is produced. Afterwards, mature protease IV is secreted into the extracellular
space where it takes action. Specifically, protease IV cleaves substrates on the
carboxyl side of lysine residues (Traidej et al., 2003a; Traidej et al., 2003b). Its role in
virulence arises due to its abilities to degrade host defense proteins including,
fibrinogen, plasminogen, immunoglobulin G, and the complement proteins C1q and C3
(Traidej et al., 2003b). A recent study implicated protease IV as an important virulence
factor involved in P. aeruginosa keratitis infections. In this study, protease IV was
purified, and injected into the corneal stroma. Within 3 hours of injection, corneal
epithelial damage was evident. Also, the virulence of protease IV-deficient bacteria was
enhanced via this injection (Traidej et al., 2003b).
In addition to the extracellular proteases, P. aeruginosa secretes hemolysins,
such as phospholipase C (PLC) and rhamnolipid. PLC, an alkaline protease, is
responsible for degrading phospholipids in eukaryotic cells. Specifically, PLC catalyzes
the breakdown of diacylphosphatidylcholine into phosphorylcholine and diacylglycerol.
Loss of the vital diacylphosphatidylcholine lung surfactant can enhance P. aeruginosa
lung infection, especially in cystic fibrosis patients. In addition, PLC indirectly
participates in altering the metabolism of eukaryotic cells (Hamood et al., 1996; Lema et
al., 2000). As for rhamnolipid, it contributes to the degeneration of lipids and lecithin,
enhancing tissue invasion. By solubilizing lung surfactant, it aids PLC in its degradation

14

activity. Also, rhamnolipid inhibits mucociliary transport and disturbs airway epithelial
ion transport (Rahim et al., 2001).
D.

P. aeruginosa Biofilms and Quorum Sensing
A biofilm is defined as a group of bacteria growing in an adherent slime-encased

community (de Kievit et al., 2001). In P. aeruginosa, biofilm formation progresses
through developmental stages, the first being initial attachment of planktonic cells to a
surface in response to environmental signals. Flagellar motility has been deemed
necessary for these initial bacteria and surface interactions (O'Toole and Kolter, 1998).
After initial attachment, the bacteria begin to divide and multiply to form microcolonies,
for which the twitching motility of pili is essential (O'Toole and Kolter, 1998). Following
formation of microcolonies, the biofilm structure undergoes maturation, whereby the
bacterial community assumes a characteristic mushroom-shaped architecture. It is
during this developmental stage that alginate and rhamnolipid production increase,
allowing maintenance of the biofilm architecture and providing protection. Also, water
channels form to allow the flow of nutrients, oxygen, waste products, and various
signaling molecules throughout the biofilm (Vallet et al., 2004). The biofilm
developmental process completes a full cycle when the biofilm cells disperse, becoming
planktonic cells once again (Sauer et al., 2004) (Figure 7).
Biofilms play a significant role in persistent P. aeruginosa infections, as they
render the bacteria even more resistant to antibiotics and the immune defenses of hosts
than their planktonic counterparts. An explanation to account for this increased
resistance is a lack of nutrients within biofilms, especially oxygen. The starving
bacterial cells either do not grow or exist in a state of slow growth termed the stationary
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phase. It is a known fact that many antibiotics are less effective against cells in these
states (Borriello et al., 2004). Other possible explanations for this increased resistance
of P. aeruginosa biofilms to antibiotics include, genetic determinants, phenotypic
variation, the formation of specialized persister cells, quorum sensing, and the
overproduction of alginate (Borriello et al., 2004).

Figure 7: The developmental process of a bacterial biofilm. In this depiction, stage 1
represents initial attachment of the planktonic bacterial cells to the surface. Stages 2, 3,
and 4 illustrate microcolony formation and maturation of the biofilm. Lastly, stage 5
shows the biofilm cells dispersing to become planktonic cells again
(www.genomenewsnetwork.org/articles/06_02/biofilms.shtml).
Much research has been done regarding gene expression in P. aeruginosa
biofilms. One group, through the use of DNA microarrays, performed a study assessing
gene expression in planktonic cells versus that in biofilms. They concluded 1% of
genes showed differential expression between the two. For example, genes
responsible for synthesis of pili and flagella are not expressed in mature biofilms,
despite the roles these appendages play in initial biofilm formation. In general, many of
the genes that were found to be expressed at varying levels are important in P.
aeruginosa biofilm resistance to antibiotics (Whiteley et al., 2001). Next, a second
study examined physiological changes in P. putida, a plant saprophyte, following biofilm
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formation. Of particular interest, genes encoding the structural components of flagella
and pili, fliC and pilA respectively, were differentially regulated. Like the study
conducted by Whiteley and colleagues (2001), the presence of flagella in planktonic
cells was confirmed, despite a lack of flagella in P. putida biofilms. However, this time
pili were observed in biofilms but not on the planktonic cells (Sauer and Camper, 2001).
Lastly, a third experiment examined the dispersion of cells from mature P. aeruginosa
biofilms and the associated changes in gene expression via DNA microarrays. The
researchers induced cell dispersion through a sudden increase in carbon substrate
availability. This nutrient-induced dispersion was accompanied by an increase in fliC
and a decrease in pilA (Sauer et al., 2004). Taken as a whole, the three
aforementioned studies agree that flagella are not found in mature biofilms, but as for
the presence of pili, it is still up for debate.
As it was mentioned briefly above, quorum sensing often comes up when
discussing biofilms. Specifically, quorum sensing is a phenomenon whereby an
individual bacterium alters its metabolism based on the density of its own species. It
was first studied in the 1970s in Vibrio fischeri and Vibrio harveyi. The quorum sensing
system these Vibrio species possess involves two genes, luxl and luxR. The luxl gene
encodes for an enzyme which synthesizes an auto-inducer homoserine lactone. This
molecule is termed an auto-inducer, as it is produced by the same type of cell whose
metabolism is regulated. The homoserine lactone proceeds to diffuse out and into
another Vibrio cell to bind a protein encoded for by the gene luxR. When this protein is
bound, transcription of genes that will alter metabolism occurs, along with an increase in
luxl expression. This two-component system continues in this manner, enabling the
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Vibrio bacteria to sense each other and to alter metabolism when an appropriate cell
density is reached indicative by the amount of auto-inducer present. Many other
bacterial species, including P. aeruginosa, have homologous quorum sensing systems
of this sort (Donabedian, 2002).
P. aeruginosa has two acyl-homoserine lactone quorum sensing systems, LasILasR and RhlI- RhlR, which interact with each other to an extent. LasI synthesizes N-3oxododecanoyl-HSL (3OC12-HSL), and LasR is a transcription factor that responds to
3OC12-HSL. RhlI produces N-butanoyl-HSL (C4-HSL), and RhlR is the transcription
factor that responds to C4-HSL (Schuster et al., 2003). When the LasI-LasR system is
activated, P. aeruginosa alters metabolism to boost transcription of the genes encoding
for many extracellular virulence factors, including alkaline protease, exotoxin A, elastase
A, and elastase B. Also, when the LasR protein is bound by 3OC12-HSL, it stimulates
the production of RhlI. RhlI goes on to synthesize C4-HSL, which in turn diffuses
through the cell envelope to activate RhlR. When this second quorum sensing system
is activated, P. aeruginosa increases transcription of genes involved in biofilm formation
such as rhamnolipid (Donabedian, 2002).
P. aeruginosa quorum sensing auto-inducer molecules do in fact have a vital role
in the biofilm development process. Molecules of this nature have been detected on
catheter tubing from hospital patients and from biofilms formed on rocks, indicating that
quorum sensing is occurring. The increased production of virulence factors via these
quorum sensing mechanisms helps make biofilms so evasive of host immune defenses
and antibiotics. Of note, both P. aeruginosa quorum sensing systems are more active
in bacterial cells located at the base of the biofilm, as opposed to those cells near the

18

top of the biofilm. This makes sense, as those bacterial cells are closer to each other
and the surface, leaving little space for the auto-inducers to diffuse away without
contacting another P. aeruginosa bacterium first (de Kievit et al., 2001).
E.

Pili of P. aeruginosa
1. Classification and Structure
Pili, polar surface appendages found only in gram-negative bacteria, are

classified into distinct families based upon host-receptor recognition and deduced amino
acid sequences (Strom and Lory, 1993). Six distinct family groups have been identified
(Ottow, 1975), and somewhere along the research path, groups became types. P.
aeruginosa bacteria, along with Vibrio cholerae, Neisseria gonorrhoeae, Neisseria
meningitidis, and Escherichia coli bacteria, possess pili of the type IV family (Craig et
al., 2003). Type IV pili are approximately 1-4µm long, 6nm in diameter, and 50-80Å
thick. Both extremely flexible and strong, pili of this class can withstand stress forces of
greater than 100pN (Craig et al., 2003). The type IV pili are classified together due to
similarities in amino acid sequence of the pilin polypeptide, the monomer of the pilus
fiber. Amino acid sequence homology is seen within the hydrophobic amino-terminal
domain of pilin, whereas the carboxy-terminal domain varies between strains with the
exception of a disulfide loop region formed by a pair of cysteines (Strom and Lory,
1993). Also characteristic, are the presence of a positively charged leader sequence 68 amino acids in length and a N-methylated phenylalanine as the first amino terminus
residue of the mature pilin protein (Mattick, 2002).
The three-dimensional structure of the type IV pilin monomer (Figure 8) was
elucidated through X-Ray EM and/or crystallographic analyses of pilin subunits from V.
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cholera (Craig et al., 2003), N. gonorrhoeae (Forest and Tainer, 1997), and P.
aeruginosa PAK (Craig et al., 2003; Hazes et al., 2000; Keizer et al., 2001). The threedimensional structures of the pilin from these strains are quite similar, consisting of two
key regions. The first of these regions arises from the hydrophobic amino-terminal
constant area, and it folds as a long alpha-helical segment. This region of the pilin
monomer is then joined to the second region, a group of antiparallel beta-sheets that
fold over the C-terminal portion of the long alpha-helix. The beta-sheets terminate with
the conserved carboxy-terminal disulfide loop (Keizer et al., 2001).

Figure 8: Three-dimensional structure of the P. aeruginosa pilin subunit (Hazes et al.,
2000).
From further modeling, the type IV pilus is suggested to be a hollow, helical
structure with five pilin subunits per turn of the helix. The internal diameter of this
structure measures 12Å, leaving little room for DNA or RNA to pass through the center
hole. Therefore, if the pili play a substantial role in episomal gene transfer and DNA
transformation, it must occur via a different mechanism than DNA movement through
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the pilus. However, there may be enough space for small organic molecules to pass up
and down the pilus center, potentially as part of intracellular signaling mechanisms
(Keizer et al., 2001).
2.

Synthesis and Assembly

Assembly of pilin subunits into functional type IV pili is a highly orchestrated
process, involving contributions from over 40 gene products (Huang et al., 2003). The
precise functions served by many of these gene products still remain a mystery,
although research in this area continues to be an ongoing process. Particularly, P.
aeruginosa and N. gonorrhoeae have served as common model organisms in the study
of type IV pilus biosynthesis, and in fact their modes of piliation are quite similar
(Wolfgang et al., 2000).
First and foremost, pilA is the major pilus structural gene, encoding for the pilin
subunit in the form of a pre-pilin (Strom and Lory, 1993). Normal expression of pilA
requires the σ54 subunit of RNA polymerase, a product of the rpoN gene. Direct
evidence of this came from a study, in which a P. aeruginosa strain without a functional
RpoN was unable to express the pilA gene (Ishimoto and Lory, 1989). In addition,
RpoN is required for normal expression of other various virulence factors such as
flagella, and negatively controls P. aeruginosa quorum sensing (Heurlier et al., 2003).
The pilA operon also includes a tRNA gene at the 3’ end. The significance of this gene
is unknown, but it is hypothesized that the tRNA structure may stabilize the pilA mRNA
(Mattick et al., 1996).
Also important in P. aeruginosa pilus biosynthesis are the genes pilB, pilC, and
pilD, which encode accessory proteins involved in the processing and assembly of pilin
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subunits into pili (Nunn et al., 1990). PilD is an integral membrane protein, serving multi
enzymatic functions. Specifically, PilD cleaves the leader peptide from pre-pilin (PilA)
and also adds a methyl group to the N-terminal amino acid of the mature pilin protein
(Strom and Lory, 1993). In addition, PilD also appears to be responsible for processing
components of protein excretion machinery (Nunn and Lory, 1991). PilB is a 62kDa
protein either located in the cytoplasm or associated with the cytoplasmic membrane
(Mattick et al., 1996). It is a nucleotide-binding protein that functions to supply energy
for pilin subunit translocation or assembly (Strom and Lory, 1993). PilC, on the other
hand, is a 44kDa integral membrane protein (Mattick et al., 1996). Little is known
regarding its function, aside from the fact that it is necessary for pilus biosynthesis.
Mutant P. aeruginosa for either pilB or pilC do not exhibit surface pili, displaying instead
a buildup of pilin subunits in the cytoplasmic membrane, highlighting their roles in
piliation (Strom and Lory, 1993).
Biosynthesis of pili may begin with the accumulation of mature pilin subunits in
the inner membrane of P. aeruginosa bacteria (Watts et al., 1982). The pilins are then
polymerized and thrust through an outer membrane pore, PilQ, of the bacteria (Shi and
Sun, 2002). Specifically, PilQ is a funnel-shaped conformation of protein monomers
that tapers to a closed point at one end. It undergoes conformational changes when
assembled pilus fibers are to be pushed through the outer membrane (Collins et al.,
2003). Binding of the pilus fiber induces a dissociation of the ‘cap’ feature of the pore,
while the PilQ multimer resembles ‘arms’ pushing the pilus fiber through the opening
(Collins et al., 2005). Additional genes of the pilQ operon include pilM, pilN, pilO, and
pilP (Mattick, 2002). PilP, a lipoprotein, is required for PilQ monomers to form a
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multimer in N. gonorrhoeae (Drake et al., 1997). As aforementioned, pili are polar
surface appendages, and PilM, with its homology to cell division proteins, is thought to
direct the assembly of type IV pili to the cell poles. As for the pilN and pilO genes, they
encode proteins having long N-terminal stretches of hydrophobic residues that may
function as cytoplasmic membrane anchoring domains (Mattick, 2002).
There also exist minor proteins that may form the base and/or the tip of the pilus
including, PilE, PilV, PilW, PilX, PilY1, PilY2, FimT, and FimU. Even more than that,
there are genes important in type IV piliation, but with unknown functions, such as PilF,
PilZ, and FimV (Huang et al., 2003). Following piliation, or pilus extension, retraction
can occur. The genes pilT and pilU function in retraction (Bardy et al., 2003), which will
be discussed more at later point. The entire process of P. aeruginosa pilus biosynthesis
and retraction is depicted in Figure 9.
Earlier, during the discussion of virulence factors, the P. aeruginosa type II
secretion pathway was mentioned. Interestingly, the type II Xcp secreton shares similar
features with the machinery involved in type IV pilus assembly. Specifically, five
components of the Xcp machinery, Xcp T, U, V, W, and X, resemble the pilin subunit,
and therefore have been termed pseudopilins. The XcpT pseudopilin can even
assemble into a bundle-like, pilus structure, just as the type IV pilin subunit does
(Durand et al., 2003).
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Figure 9: Illustration of P. aeruginosa pilus assembly and retraction (Mattick, 2002).
3.

Function

With the pili of P. aeruginosa located at the poles of the bacterium, they can
serve various functions, including adhesion, twitching motility, biofilm formation,
bacteriophage adsorption, and natural transformation (Craig et al., 2003). As the role of
pili in biofilm formation has been discussed above, the concentration here will be on the
other various functions of P. aeruginosa type IV pili.
As mentioned briefly before, the virulence of pili lies primarily in their ability to
promote initial attachment of the P. aeruginosa bacteria to epithelial host cells.
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Amazingly, pili are thought to be responsible for 50-60% of the binding attributed to
whole P. aeruginosa (Gupta et al., 1994). Just as LPS does, pili specifically bind the
epithelial host cells via glycolipid asialo GM1 receptors (Gupta et al., 1994). Evidence
also indicates that pili bind asialo GM2 receptors, and to a weaker extent lactosyl
ceramide, ceramide trihexoside, amino sugars, and sialic acid (Hahn, 1997). As for the
binding domain that contacts these receptors, it lies within the carboxy-terminal disulfide
loop region of pilin (Hahn, 1997). Many studies have indicated this is the case, but a
notable one involved insertion of an engineered antibiotic resistance cassette into the
disulfide loop region of the gene encoding pilin (Farinha et al., 1994). The bacterial
strain with this insertion, PAO-MP, still produced normal amounts of type IV pili, which
were structurally and morphologically indistinguishable from wild type pili of PAO-MP.
However, the pilus-mediated adherence of this strain to human epithelial cells was
reduced by about 90%, and is actually fairly similar to that of strains without pili.
Additionally, the bacteria possessing the insertion are 40 times less virulent than wild
type PAO-MP cells (Farinha et al., 1994). Once the pilus binds the asialo-GM1
receptor on the host cell via the disulfide loop region, it can use retraction to bring the
bacterium and host cell into closer contact. At this point, other adhesins can take action
to stably attach the bacterium to the host cell.
Pili also have a significant role in motility, allowing the bacterium to move around
host cell surfaces, propagating infection. Specifically pili exhibit twitching motility, a
flagella-independent surface movement, which occurs by extension and retraction of the
pilus (Mattick, 2002). Twitching may be observed at the agar plate interface, where a
stab inoculation represents the starting point for the bacteria. Bacterial twitching zones
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can occupy up to a 2cm diameter of the plate after an overnight incubation, indicating
motility must have occurred (Mattick et al., 1996). Many experiments have provided
direct evidence that twitching motility is achieved via extension and retraction. Through
the use of a laser tweezers trap, one group observed that pili on N. gonorrhoeae can
form tethers between cells, or between cells and latex beads, and that these tethers do
forcefully retract. In addition, quantitative experiments indicated retraction occurs at
1.2µm per second and generates forces exceeding 80pN per cell. Twitching motility
has even been observed through fluorescence microscopy, during which pili were seen
to retract at speeds of 0.5µm per second (Merz and Forest, 2002). The process in P.
aeruginosa involves at least 35 genes, including pilU and pilT (Bardy et al., 2003). PilT
is analogous to a motor, generating the energy necessary for retraction (Wall and
Kaiser, 1999).
Type IV pili and their retraction are vital in the process of natural transformation.
For N. gonorrhoeae, the presence of pili increases transformation 1,000 times. Pili
appear to participate in transformation by first binding the DNA. As mentioned before,
DNA is too large to move through the center channel of the pilus. Rather, DNA is
transported into the bacterial cells along with the retracting pili (Craig et al., 2004).
Regarding bacteriophage adsorption, the pili function as receptors for many
bacteriophages, such as PO4 and the cholera toxin. When the pili retract, the bound
bacteriophages come into close contact with the bacterium (Craig et al., 2004).
4.

Regulation

There exist a number of regulatory proteins which function in the control of P.
aeruginosa pili production. PilS and PilR, the first of these proteins, comprise a two-

26

component signaling pathway, which positively regulates pilA transcription (Hobbs et al.,
1993). PilS is a 59kDa polypeptide located in the P. aeruginosa cytoplasmic
membrane. As the sensory component of the pathway, when stimulated by the
appropriate environmental signals, PilS activates PilR through kinase activity (Boyd and
Lory, 1996; Hobbs et al., 1993). PilR is a 50kDa polypeptide and shares homology with
a class of response regulators that promote transcription of rpoN-dependent genes.
Presumably, PilR activates pilA transcription by interacting with RNA polymerase, which
contains RpoN (Hobbs et al., 1993; Ishimoto and Lory, 1992). Even further control of
pilA expression comes from Crc, the global carbon metabolism regulator. Without a
functional crc gene, expression of pilA decreases (O'Toole et al., 2000). As for
environmental factors with roles in piliation, little is known, although agitated cultures do
not exhibit surface pili (Kelly et al., 1989). Also, pilA is differentially expressed in biofilm
and planktonic cells, as mentioned earlier (Sauer and Camper, 2001; Sauer et al., 2004;
Whiteley et al., 2001).
Like pili production, P. aeruginosa twitching motility is controlled by various
regulatory proteins. Similar to PilS and PilR, FimS and AlgR form a two-component
sensor-regulator pair (Whitchurch et al., 1996). FimS is the sensor protein, whereas
AlgR is the response regulator. Mutations in the genes producing the two result in
either complete loss or severe retardation of twitching motility. Although the exact
mechanism through which FimS and AlgR regulate twitching motility is still unclear,
AlgR is believed to be a transcription factor. In addition, AlgU, an alternative sigma
factor, is required for proper functioning of this particular signaling pathway (Whitchurch
et al., 1996). FimX, a 76kDa polypeptide possessing domains commonly present in
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signal transduction proteins, is also involved in the regulation of twitching motility
(Huang et al., 2003). Mutants for the fimX gene exhibit impaired movement and fail to
respond to environmental signals which normally stimulate twitching motility. Most
likely, FimX belongs to a pathway responsible for regulating twitching motility in
response to environmental cues (Huang et al., 2003).
Besides the aforementioned regulatory proteins, mechanisms exist which dually
control both pili production and twitching motility. Seeing as the two processes differ by
only the occurrence of retraction or not, regulation of this sort is not surprising. Vfr, a
homolog of the E. coli cyclic AMP receptor protein, has been shown to control
expression of the majority of genes required for type IV pilus biosynthesis. Mutants for
the vfr gene exhibit a decrease in the number of surface pili. In addition, these same
mutants exhibit severely reduced twitching motility (Beatson et al., 2002). Interestingly,
FimL controls piliation and twitching motility, along with other processes required for
virulence, by regulating expression of the vfr gene (Whitchurch et al., 2005). Next, the
tonB3 gene product is required for both twitching motility and the assembly of type IV
pili. Although mutants for the tonB3 gene have normal levels of intracellular pilin, they
lack surface pili. Therefore, TonB3 might be involved in the transport or secretion of the
pili or it may even be a component required for their assembly (Huang et al., 2004).
PilG functions in the control of piliation and twitching motility, as well. The pilG gene
product shares homology with a number of other bacterial response regulator proteins,
and mutations in this gene result in loss of pili production and twitching motility (Darzins,
1993). Additionally, PilG, in combination with PilK, is believed to control the direction
and rate of twitching motility (Huang et al., 2003). Lastly, a unique signaling network
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reciprocally regulates P. aeruginosa genes associated with acute infection and chronic
persistence, with some of these genes required for piliation and twitching motility.
Specifically, RetS, a hybrid sensor kinase/response regulator receives environmental
signals during acute and chronic infection and transmits them into the Gac regulatory
pathway. If the P. aeruginosa infection is acute, the Gac pathway stimulates piliation
and twitching motility genes, while repressing biofilm genes. The opposite occurs in the
case of chronic infection (Goodman et al., 2004).
F.

Glycosylation of Pili
1.

Identification of the Glycosylation

P. aeruginosa pili can be glycosylated, along with those of N. meningitidis, N.
gonorrhoeae, Campylobacter jejuni, E. coli, Caulobacter crescentus, Aeromonas
caviae, and Helicobacter pylori (Power and Jennings, 2003). Glycosylation was
discovered in P. aeruginosa type IV pili when sequences were compared for various
pilin encoding genes. Based on this primary structure comparison, it became evident
that two groups of pilin exist. While the two groups exhibit sequence homology near the
5’ end, they lack homology in the 3’ flanking regions suggesting an organizational
difference in the genes of these two pilin types. Specifically, the group I pilin structural
gene, pilA, is followed by a loop region, a ribosome-binding site, and a large open
reading frame. In contrast, only a tRNAThr gene and a potential transcriptional stop
follow the group II pilA gene (Castric and Deal, 1994). The open reading frame
characteristic of group I pilin was later termed pilO, whose presence mediates
glycosylation of P. aeruginosa strain 1244 pili (Castric, 1995) (Figure 10).
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Figure 10: Schematic drawing of the Group I and II pilin operons (Castric, 1995).
The pilO gene codes for a protein whose primary structure has nine highly
hydrophobic regions. Beta-sheets are characteristic of the secondary structure, which
have the capacity to span the membrane lipid core. Therefore, despite a lack of
evidence, the pilO gene product is predicted to reside in the cytoplasmic membrane
(Castric, 1995).
2.

Glycan Structure

Through in depth structural analysis, the P. aeruginosa pilin glycan has been
identified as a trisaccharide similar to that of the O-antigen repeating unit of LPS
(Castric et al., 2001) (Figure 11). In fact, the pilin glycan and the O-antigen of LPS are
products of the same biosynthetic pathway. P. aeruginosa mutants defective in the Oantigen biosynthetic pathway also lacked glycosylated pili. Restoration of the O-antigen
pathway via complementation also restored glycosylation of pili (DiGiandomenico et al.,
2002). Specifically, the glycan of P. aeruginosa strain 1244 pili is O-linked to the βcarbon of serine residue 148, the carboxy terminal residue of the pilin protein (Comer et
al., 2002). Lastly, evidence suggests that not only is the glycan located at the pilus
surface, but it is also distributed evenly over the entire pilus (Jewell, 2004).
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Figure 11: P. aeruginosa strain 1244 pilin aminoglycan structure:
α-5NβOHC47NFmPse-(2→4)-β-Xyl-(1→3)-β-FucNAc-(1→3)-β-Ser (Castric et al., 2001).
3.

Function of the Glycan

It has been definitively shown that the glycan resides on P. aeruginosa pili.
However, the function it serves is still up for speculation. In general, prokaryotic protein
glycosylation is thought to play roles in adhesion, maintenance of protein conformation,
protein assembly, protection against proteolytic digestion, solubility, enzymatic activity,
surface recognition, antigenic variation, and protective immunity (Schmidt et al., 2003;
Szymanski and Wren, 2005). Concerning P. aeruginosa pili specifically, glycosylation
may increase their solubility. Also, since the glycan is evenly distributed over the entire
pilus, its hydrophilic nature probably affects the pilus’ interactions with its physical and
chemical environments. In addition, with its negative charge, the glycan may influence
ionic interactions of the pilus with its environment, ultimately increasing twitching
motility, adhesion, and biofilm formation. The glycan could even block antibodies or
other various host immune response proteins from binding the pilus and essentially the
bacterial cells (Castric et al., 2001; Jewell, 2004).
4.

Potential Vaccine using the Glycan

Production of the pilin glycan and LPS O-antigen molecules via the same
biosynthetic pathway holds implications for P. aeruginosa vaccine development.
Immunization of animals with pure LPS-free pili produced antibodies that were able to
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recognize both LPS and pili (Comer et al., 2002; Jewell, 2004). Presumably the pilin
glycan stimulates production of antibodies against LPS, as the glycan and LPS O-chain
arise from the same biosynthetic pathway with similar structures. A vaccine of this
nature is suitable for all strains of P. aeruginosa because even if they do not have pili,
all strains have an LPS layer for the immune response to target.
G.

Thesis Goals
With regard to this research thesis project, one objective is to determine if the

growth environment can serve as a signal of P. aeruginosa piliation. Specifically, liquid
and agar will be the growth mediums examined, and if either does prove to influence
piliation, further experiments will be conducted. Additionally, another very different aim
of this research is to determine if the pilin glycan is an important immunogenic epitope
in hopes of it being useful in vaccine development.
For the first goal to be accomplished, I will grow P. aeruginosa bacterial cells on
both an agar surface and in liquid medium. Cellular and extra cellular pilin will be
extracted, and then levels will be analyzed through a western immunoblot analysis. If
any differential pilin expression is observed, experiments will be designed to learn more
regarding the molecular factors involved. For example, real-time RT-PCR will allow for
analysis of pilA gene expression in cells growing in each of the environments.
As for the second portion of this research, I will characterize terminal bleed rabbit
serum obtained from animals that were immunized with pure LPS-free pili (Jewell,
2004). These particular animals produced antibodies that were able to recognize both
LPS and pili. Most probably, it was the glycan that stimulated the production of
antibodies against LPS. However, serum from these study animals was never analyzed
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to determine what extent the pilin protein stimulated antibody production versus the pilin
glycan. To do so, I will remove antibodies to the pilin protein from the rabbit serum,
leaving only glycan antibodies. ELISA assays will then allow me to assess levels of
antibodies specific for the pilin glycan versus levels for the pilin protein, culminating in a
conclusion as to whether the pilin glycan is in fact an important immunogenic epitope.
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II.

Materials and Methods

A.

Media and Conditions
All cultures were grown in CAYE (0.75% casamino acids and 0.15% yeast

extract) broth or on CAYE plates supplemented with 2% agar. Unless otherwise noted,
cultures were grown at 37°C for approximately 14 hours, and broth cultures were
shaken vigorously at 250rpm. Any antibiotic conditions are noted where applicable.
B.

Bacterial Strains and Plasmids
Table 1 contains a list of all bacterial strains and plasmids that were utilized in

this research. Short descriptions of each bacterial strain and plasmid are included.
Table 1: Bacterial Strains and Plasmids used in this Research
Bacterial
Description
Reference
Strain
(Castric et al., 1989)
P. aeruginosa 1244
Wild type serogroup O7
strain, produces
glycosylated pili
P. aeruginosa 1244N3

Pilin deficient due to an
inactivated rpoN gene

(Ramphal et al., 1991)

P. aeruginosa PAK

Wild type serogroup O6
strain, produces
nonglycosylated pili

(Sastry et al., 1985)

Plasmid
pPAC46

pMMB66EH (ApR/CbR)
containing pilAO behind a
tac promoter
(Cb = Carbenicillin Disodium Salt, Ap = Ampicillin)
C.

(Castric, 1995)

Isolation of Pilin
1.

Broth Grown Cells

Both cellular and extra cellular pilin were extracted from cultures grown in CAYE
broth. First, 25mL CAYE broth, including antibiotics if needed, was inoculated with the
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specific strain of P. aeruginosa to be tested. This culture was then incubated overnight
with slow shaking of 75rpm. In a similar manner, three additional cultures were
inoculated and incubated either in a stationary position or with vigorous shaking of
150rpm or 300rpm. Following the incubation period, all four cultures were treated in the
same manner as described next. To begin, the cell density of each culture was
adjusted to 1 x 109 cells per milliliter. Afterwards, 20mL of each culture was placed in a
250mL centrifuge tube. These cell samples were then depiliated through vortexing for
six 15-second intervals. The samples were next centrifuged at 10,000rpm in a GSA
Sorvall rotor for 30 minutes. Five-hundred microliters of the supernatant fluid produced
was removed and placed in a microfuge tube. To this tube, 500µL of 2x NuPAGE
loading buffer (40% glycerol, 6.82% Tris Base, 6.66% Tris HCl, 8% SDS, 0.06% EDTA,
7.5% of a 1% serva blue G250 solution, 2.5% of a 1% phenol red solution, and 5% βmercapto-ethanol) was added. All four supernatant samples were then heated at 95°C
for 10 minutes. As for the cell pellet, it was resuspended in 4mL of DIFCO Nutrient
Broth (DIFCO Laboratories, Detroit, MI). Five-hundred microliters of this cell
suspension was placed in a microfuge tube, and 500µL of 2x NuPAGE loading buffer
was added. As with the supernatant samples, the cell pellet samples were heated at
95°C for 10 minutes. Both the extracted cellular and extra cellular pilin from the broth
cells were analyzed via SDS-PAGE and western blot (both methods are described at a
later point).
2.

Plate Grown Cells

In addition, cellular and extra cellular pilin were extracted from cultures grown on
CAYE agar plates. Two CAYE agar plates, containing antibiotics if needed, were
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inoculated with the specific strain of P. aeruginosa to be tested by spreading the
bacteria over each agar surface with a sterile cotton-tipped applicator. The inoculated
plates were incubated overnight. The next morning, each overnight plate culture was
suspended in 5mL CAYE broth by gently loosening the cells with a sterile cotton-tipped
applicator. The two plate cell suspensions were combined, and the cell density of the
resulting mixture was adjusted to 1 x 109 cells per milliliter. Afterwards, the culture was
transferred to a 250mL centrifuge tube and depiliated via vortexing for six 15-second
intervals. Following this, the cells were spun at 10,000rpm in a GSA Sorvall rotor for 30
minutes. The supernatant fluid and cell pellet produced were treated in a similar
manner as those produced from the broth cultures above, culminating in samples
suspended in NuPAGE loading buffer. As with the broth cells, isolated cellular and
extra cellular pilin from plate cells were analyzed via SDS-PAGE and western blot
(again, both methods are described at a later point).
D.

RNA Extraction
1.

Broth Grown Cells

RNA was extracted from P. aeruginosa 1244 grown in CAYE broth using the
Qiagen RNAprotect™ Bacteria Reagent and RNeasy® Mini Kit (Valencia, CA). First,
10mL CAYE broth was inoculated with P. aeruginosa 1244 and incubated overnight at
250rpm. The next day, the cells were transferred to a 50mL Oak Ridge centrifuge tube
and spun at 10,000rpm in a SS-34 Sorvall rotor for 30 minutes. The supernatant fluid
produced was discarded. The cell pellet was resuspended in 10mL CAYE broth. This
cell suspension was used to inoculate a new 10mL CAYE broth culture to an
absorbance of 0.050 at 650nm. The new 1244 broth culture was incubated at 37°C for
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90 minutes with vigorous shaking of 250rpm. After 90 minutes, the cells were in the
logarithmic phase of bacterial growth (described more at a later point) which was
optimal for RNA extraction. From the absorbance at 650nm (A650) of the cells, the
volume equivalent to 1 x 109 cells was determined. This volume of cells and two
volumes of RNAprotect™ Bacteria Reagent were combined in a microfuge tube, mixed
by vortexing for 5 seconds, and then incubated at room temperature for 5 minutes.
Afterwards, the mixture was spun in a microfuge at 7,000rpm for 10 minutes. The
supernatant was decanted, and 200µL of TE buffer (10mM Tris⋅Cl and 1mM EDTA, pH
8.0) containing 1mg/mL lysozyme was added to the precipitate. The sample was mixed
by vortexing for 10 seconds and incubated at room temperature with shaking for 5
minutes. Seven-hundred microliters of Buffer RLT (guanidine thiocyanate) containing
1% β-mercapto-ethanol was added and the mixture was vortexed. Next, 500µL of
100% ethanol was added, and the sample was mixed extensively by pipetting. The
entire lysate was applied to a RNeasy® Mini Column placed in a 2mL collection tube
and was spun in a microfuge at 10,000rpm for 15 seconds. The flow-through was
discarded, and the column was returned to the same collection tube. Seven-hundred
microliters of Buffer RW1 (ethanol) was then applied to the column. Again, the column
was spun at 10,000rpm for 15 seconds, and the flow-through was discarded.
Afterwards, the column was transferred to a new 2mL collection tube, and 500µL of
Buffer RPE (ethanol) was applied. The column was spun at 10,000 rpm for 15 seconds
in a microfuge, and the flow-through was discarded. Next, the column was returned to
the same collection tube, and another 500µL of Buffer RPE was added. Again, the
column was spun at 10,000 rpm, but for 2 minutes. Following the spin, the column was
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carefully transferred to a new 1.5mL collection tube. To elute the RNA, 40uL of RNasefree water was applied directly to the silica gel membrane of the column. The column
was then spun in a microfuge at 10,000rpm for 1 minute. This step was repeated for a
total of 80µL of RNA.
2.

Plate Grown Cells

RNA was also extracted from P. aeruginosa 1244 grown on CAYE agar plates
using a method similar to that of the broth grown cells. First, one plate was inoculated
with P. aeruginosa 1244 by spreading the bacteria over the agar surface with a sterile
cotton-tipped applicator. The inoculated plate was incubated overnight for 14 hours at
37°C. The next day, the plate culture was suspended in 5mL CAYE broth by gently
loosening the cells with a sterile cotton-tipped applicator. The volume equivalent to 1 x
109 cells was determined from the A650 of the cells, and the RNA extraction was carried
out similarly to that for the cells grown in CAYE broth. It is important to note that the
plate grown cells were harvested for RNA extraction in a timely manner so that mRNA
levels had no opportunity to vary during the process.
3.

RNA Concentration and Purity

Upon completion of the extractions, the concentration of the product RNA was
determined by measuring the absorbance at 260nm (A260). For RNA in water, an
absorbance of 1 unit at 260nm corresponded to 40ug of RNA per milliliter. In addition,
the purity of the product RNA was assessed by measuring the A260 and also the
absorbance at 280nm (A280). However, these measurements were not taken in water,
but in a solution of 10mM Tris⋅Cl (pH 7.5). In this particular solution pure RNA had an
A260/A280 ratio of 1.9 to 2.1.
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4.

Formaldehyde-Agarose (FA) Gel Electrophoresis

Lastly, the integrity of the RNA was analyzed via formaldehyde-agarose gel
electrophoresis. RNA extracts were separated by FA gel electrophoresis using an
International Biotechnologies Inc. (IBI) (NewHaven, CT) medium-gel apparatus. FA
gels, 1.2%, were prepared by mixing 1.2g agarose, 10mL 10x FA gel buffer (200mM
MOPS, 50mM sodium acetate, and 10mM EDTA, pH 7.0 with NaOH), and RNase-free
water to 100mL for each. After the mixture was heated to melt the agarose, 1.8mL of
37% formaldehyde and 1µL of a 10mg/mL ethidium bromide solution were added. The
solution was mixed extensively; the gel was poured onto the gel support and allowed to
solidify. Afterwards, but prior to running it, the gel was equilibrated in 1x FA gel running
buffer (100mL 10x FA gel buffer, 20mL 37% formaldehyde, and 880mL RNase-free
water) for 30 minutes. Samples were prepared by mixing 16µL of a particular RNA
sample with 4µL 5x RNA loading buffer (0.16% saturated aqueous bromophenol blue
solution, 0.80% 500mM EDTA [pH 8.0], 7.2% of 37% formaldehyde, 20% glycerol,
30.84% formamide, and 40% 10x FA gel buffer), and they were heated for 5 minutes at
65°C. The gels were run in 1x FA gel running buffer for approximately 90 minutes at a
constant voltage of 100V. Bands were visualized by placing the gel on a Spectroline
Model TR-302 UV transilluminator (Westbury, NY) and photographed with a Fotodyne
Inc. Polaroid camera (Hartland, WI). The presence of sharp ribosomal bands was an
indication of good quality RNA that had not suffered any major degradation during the
extraction process.
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E.

Measurement of Pili Induction
1.

From Stationary Phase Cells

Pili production was first induced in P. aeruginosa 1244 cells in the stationary
phase of bacterial growth. To start with, 10mL CAYE broth was inoculated with the
bacteria and incubated overnight at 250rpm. The next morning, the A650 of the culture
was measured before adding the cells to a 50mL Oak Ridge centrifuge tube. The
culture was then centrifuged at 10,000rpm in a SS-34 Sorvall rotor for 30 minutes. The
supernatant fluid produced was discarded, and the cell pellet was resuspended in 5mL
CAYE broth. While the culture was spinning, 25mm, 0.45µm Metricel® membrane
filters (Gelman Sciences Inc., Ann Arbor, MI) were blocked for 30 minutes in killer filler
(200mL of 0.1M NaOH supplemented with 10g of casein and added to 1.8L of
Phosphate Buffer Saline (PBS) [5.3L deionized H2O, 28g NaCl, 0.7g KCl, 4.0g
Na2HPO4, 0.35g CaCl2-2H2O, 0.53g MgCl2-6H2O] containing 10g of bovine serum
albumin. The pH of the solution was adjusted to 7.4, followed by the addition of 0.2g of
phenol red and 3.6g of sodium azide [Lynette Young of the Walter Reed Army Institute
of Research, personal communication]) with agitation. Afterwards, the filters were
washed three times with PBS for 10 minutes each. Following the washes, the filters
were gently dried and cut into quarters. These filters quarters were placed onto CAYE
agar plates warmed to 37ºC using sterile forceps. To each filter quarter, 5µL of the
resuspended 1244 cells was added. The CAYE agar plates were then incubated at
37°C. At 0, 30, 60, 90, and 120 minutes, one filter quarter was removed and transferred
to a microfuge tube containing 50µL 1x NuPAGE loading buffer. The filter quarter was
rinsed with the loading buffer for 60 seconds by pipetting. All samples were heated at
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95ºC for 10 minutes prior to analysis via SDS-PAGE and western blot, as described at a
later point.
2.

From Logarithmic Phase Cells

Pili production was also induced in P. aeruginosa 1244 cells in the logarithmic
phase of bacterial growth. To do so however, a bacterial growth curve for 1244 first had
to be established. Twenty-six milliliters CAYE broth was inoculated with the bacteria
and incubated overnight at 250rpm. The next day, the cells were transferred to a 50mL
Oak Ridge centrifuge tube and spun at 10,000rpm in a SS-34 Sorvall rotor for 30
minutes. The supernatant produced was discarded, and the cell pellet was
resuspended in 26mL CAYE broth. This cell suspension was used to inoculate a new
10mL CAYE broth culture to an absorbance of 0.050 at 650nm. The new 1244 broth
culture was incubated at 37°C for 330 minutes with vigorous shaking of 250rpm. Every
30 minutes, the A650 of the culture was measured. A bacterial growth curve for P.
aeruginosa 1244 was constructed by plotting time (x-axis) versus log10A650 (y-axis).
From this curve, it was determined that the cells were in logarithmic growth at 90
minutes (Figure 12).
With the knowledge that P. aeruginosa 1244 cells were in logarithmic growth at
90 minutes, the actual experiment was performed, as described next. To begin with
26mL CAYE broth was inoculated with the bacteria and incubated overnight at 250rpm.
The next day, the cells were transferred to a 50mL Oak Ridge centrifuge tube and spun
at 10,000rpm in a SS-34 Sorvall rotor for 30 minutes. The supernatant produced was
discarded, and the cell pellet was resuspended in 26mL CAYE broth. This cell
suspension was used to inoculate a new 10mL CAYE broth culture to an absorbance of
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0.050 at 650nm. The new 1244 broth culture was incubated at 37°C for 90 minutes with
vigorous shaking of 250rpm. The culture was then transferred to a 50mL Oak Ridge
centrifuge tube and spun at 10,000rpm in a SS-34 Sorvall rotor for 30 minutes. The
supernatant produced was discarded. As for the cell pellet, it was resuspended in a
volume of CAYE broth sufficient to achieve a similar concentration of cells, as was used
in the stationary phase experiment. Afterwards, the filters were treated and the
experiment was continued similarly to that of the stationary phase cells, as explained
above.
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Figure 12: P. aeruginosa bacterial growth curve. It is evident the cells have entered
the logarithmic growth phase by 90 minutes.
F.

Pili Preparation
Strain 1244 pili were prepared, as described previously (Jewell, 2004).

Additionally, PAK(pPAC46) pili were prepared by the Silipigni-Fusco method (Silipigni-
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Fusco, 1987), as discussed next. This strain produced pili heterologously glycosylated
with the O6 glycan, instead of the characteristic O7 glycan of homologously
glycosylated 1244 pili. To begin with, 10mL CAYE broth, containing 300µg/mL Cb and
5mM IPTG (Isopropyl-β-D-Thiogalactopyranoside), was inoculated with the bacteria.
This culture was then incubated overnight with vigorous shaking of 250rpm. The next
day, 500mL of CAYE agar, prepared as described above, was added to each of two foil
covered sterile metal culture pans (70x30.5x3cm). As with the overnight culture,
300µg/mL Cb and 5mM IPTG were added to the agar. Approximately 4-5mL of the
overnight culture was then dispersed onto each agar surface and spread evenly with a
sterile hockey stick shaped glass rod. The foil covers were replaced, and the inoculated
medium was incubated overnight. Following the 14 hour incubation, a flat sharp blade
was used to remove the cells from the agar medium. The cells were then transferred
from the blade to 100mL of 40mM NaPB (pH 7.0) via a sterile cotton-tipped applicator.
Once all the cells from both of the pans were transferred to the NaPB, the suspension
was stirred vigorously for 30 minutes at room temperature. Upon conclusion of the 30
minute stirring period, the cells were transferred to a 250mL centrifuge tube, and they
were centrifuged at 10,000rpm in a GSA Sorvall rotor for 30 minutes. The cell pellet
produced was discarded. For the first precipitation, the supernatant suspension was
brought to a final concentration of 3% polyethylene glycol (PEG) and 0.5M NaCl. After
all components were in solution, the supernatant suspension was then placed on ice for
2 hours. The supernatant was spun as before, at 10,000rpm in a GSA Sorvall rotor for
30 minutes. Following this spin, the cell pellet was resuspended in 100mL of 40mM
NaPB (pH 7.0) and subsequently stirred for 1 hour at room temperature. Afterwards,
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the cell suspension was transferred to a 250mL centrifuge tube and centrifuged at
10,000 rpm in a GSA Sorvall rotor for 30 minutes as before. The cell pellet produced
was discarded, and the supernatant was precipitated a second time exactly as was
done with the first precipitation. Again, the supernatant was centrifuged at 10,000 rpm
in a GSA Sorvall rotor for 30 minutes. This time, the cell pellet was resuspended in only
5mL of 40mM NaPB (pH 7.0). The cell suspension was dispersed into five microfuge
tubes, and these were centrifuged in a microfuge at maximum speed for 5 minutes. The
pellets produced were discarded, and the supernatants were precipitated a final time
with 3% PEG and 0.5M NaCl on ice for 30 minutes. After the final precipitation, the
supernatants were again spun at maximum speed in a microfuge for 5 minutes. The
supernatants were drained and the precipitates were stored at 4°C. The prepared pili
was quantitated by the Pierce BCA Protein Assay and analyzed by SDS-PAGE and
sypro orange stain for purity (both methods are described below).
G.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE was carried out using the Novex X-Cell SurelockTM Mini-Cell system.

Ten-percent NuPAGE® Novex Bis-Tris pre-cast polyacrylamide gels (Invitrogen,
Carlsbad, CA) were used. Samples were prepared as described earlier. The gels were
run in 1x MES buffer (19.52% MES, 12.12% Tris Base, 2% SDS, and 0.6% EDTA) for
approximately 35 minutes at a constant voltage of 200V. Either a SDS-PAGE broad
range or low range pre-stained standard (Bio-Rad, Hercules, CA) was run with each gel.
H.

Visualization of Electrophoresed Proteins
One microfuge tube of precipitated PAK(pPAC46) pili was resuspended in 100µL

deionized water. In another microfuge tube 60µL of the resuspended pili was combined
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with 60µL of 2x NuPAGE loading buffer. This sample was then heated at 95°C for 10
minutes. Afterwards, the pili were separated by SDS-PAGE, as described earlier.
Following SDS-PAGE separation, the pili were visualized by a sypro orange staining
procedure. The gel was treated for 90 minutes in darkness with motion in a mixture of
50mL 7.5% acetic acid and 10µL SYPRO® Orange Protein Gel Stain (Bio-Rad
Laboratories, Hercules, CA). The stain was removed, and the gel was rinsed briefly for
30 seconds with 7.5% acetic acid. The bands were then visualized with a FluorImager
595 (Amersham Biosciences, Piscataway, NJ) and ImageQuant Version 5.0 software
(Amersham Biosciences, Piscataway, NJ). For SYPRO® Orange Protein Gel Stain, the
570 DF30 filter must be used with the FluorImager, at excitation and emission
wavelengths of 488 and 570nm, respectively. The specific settings used for the scan
included, 100 micron pixel size, 16 bits digital resolution, normal detection sensitivity,
and 600 PMT voltage.
I.

Protein Assay
A Pierce BCA Protein Assay (PIERCE, Rockford, IL) was used to establish the

quantity of PAK(pPAC46) pili prepared. This method consists of measuring the
differential color change of a dye solution in response to various concentrations of
proteins using bovine serum albumin (BSA) as a control. First, all of the precipitated pili
was resuspended in deionized water and combined for a total volume of 540µL.
Afterwards, the assay samples were prepared by mixing 2.5µL, 5µL, 10µL, and 20µL of
the pili precipitates each with 2mL BCA solution prepared according to the
manufacturer’s instructions. Assay samples were incubated in a 37°C water bath for 30
minutes, cooled to room temperature, and their absorbance at 562nm (A562) was
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measured using a Spectronic 70. The relative sample protein concentration was then
estimated by comparing the absorbance values to those of the control on a standard
curve (control A562 as y-axis, control protein concentration as x-axis).
J.

Rabbit Serum Adsorption
The prepared PAK(pPAC46) pili were used to adsorb antibodies to the pilin

protein from terminal bleed DQ3 rabbit serum. The serum was recovered from a female
rabbit that had been injected with pure LPS-free pili (Jewell, 2004). To begin, the pili
remaining after the protein assay was brought up to a volume of 15mL with deionized
water and 0.025% sodium azide was added. Ten milliliters of this pili solution was then
placed on an 82mm, 0.45µm nitrocellulose colony lift disc (Schleicher & Schuell, Keene,
NH) in a sterile petri plate. The disc was incubated overnight at room temperature with
motion in the pili solution. The next day, the pili solution was removed, and the disc was
blocked for 30 minutes with motion in 10mL killer filler. Afterwards, the killer filler was
removed, and 10mL terminal bleed DQ3 rabbit serum, diluted 1:10, was added. The
disc was incubated overnight at room temperature with motion in the rabbit serum,
during which the antibodies to the pilin protein were removed. The next day, after the
first adsorption was complete, 100µL of adsorbed serum was added to 10mL killer filler,
for a final concentration of 1:1,000. This diluted serum was stored at 4°C until further
analysis, as described later. The remainder of the serum from the first adsorption was
subsequently adsorbed 5 additional times similarly to the method explained for the first
adsorption. A 1:1,000 dilution of the serum was made and stored at 4°C for further
analysis after each additional adsorption also. To determine if the antibodies to the pilin
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protein were in fact removed from the adsorbed serum, a dot blot and a western blot
were performed (both methods are described below).
K.

Dot Blot
A dot blot was carried out with PAK(pPAC46) and 1244 pili, both at a

concentration of 93µg/mL, serving as the antigens. First, 2µL spots of each type of pili
were made in triplicate onto each of six 0.45µm nitrocellulose (Osmonics Inc.,
Gloucester, MA) strips. Afterwards, the nitrocellulose strips were blocked in killer filler
for 30 minutes with motion. The killer filler was removed, and one adsorbed serum
sample (diluted 1:1,000 as explained above) representing each of the six adsorptions
was added to one nitrocellulose strip. These adsorbed serum samples served as the
primary antibodies, and the strips were incubated in this manner overnight at room
temperature with motion. The next day, the nitrocellulose strips were washed three
times with PBS for ten minutes each. Following the washes, a FITC conjugated
secondary sheep anti-rabbit antibody (Table 2) diluted 1:1,000 in killer filler was added
to the nitrocellulose strips while in the dark. The strips were incubated in this secondary
antibody for 90 minutes with constant motion and darkness. After, the nitrocellulose
strips were washed three times in darkness with PBS for 10 minutes each. The strips
were allowed to dry, and reactions were visualized with a FluorImager 595 (Amersham
Biosciences, Piscataway, NJ) and ImageQuant Version 5.0 software (Amersham
Biosciences, Piscataway, NJ). For FITC, the 530 DF30 filter must be used with the
FluorImager, at excitation and emission wavelengths of 488 and 535nm, respectively.
The specific settings used for the scan included, 100 micron pixel size, 16 bits digital
resolution, normal detection sensitivity, and 600 PMT voltage.
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Antibody

Table 2: Antibodies used in this Research
Dilution in
Description
Killer Filler

Reference

Primary:
Monoclonal 5.44

1:1,000

Anti-P. aeruginosa
1244 pilin

(Castric and Deal,
1994)

Monoclonal 11.14

1:1,000

Anti-P. aeruginosa
1244 LPS

(Sadoff et al., 1985)

1:1,000

Goat derived

SIGMA-ALDRICH
Inc., St. Louis, MO

FITC conjugated
anti-rabbit IgG
(whole molecule)

1:1,000

Sheep derived

SIGMA-ALDRICH
Inc., St. Louis, MO

Phosphastase
conjugated antimouse IgG (H+L)

1:1,000

Goat derived

Kirkegaard and
Perry Laboratories,
Gaithersburg, MD

Phosphatase
conjugated antirabbit IgG (H+L)

1:1,000

Goat derived

Kirkegaard and
Perry Laboratories,
Gaithersburg, MD

Secondary:
FITC conjugated
anti-mouse IgG (γchain specific)

The reactions were also visualized via a second method known as a Fast-Red
analysis. A phosphatase conjugated secondary goat anti-rabbit antibody (Table 2)
diluted 1:1,000 in killer filler was added directly to the dried nitrocellulose strips. The
strips were incubated in this secondary antibody for 90 minutes with constant motion.
Following secondary antibody treatment, the nitrocellulose strips were washed three
times with PBS for 10 minutes each. The strips were also washed an additional 10
minutes with 50mM Tris/HCl (pH 8.0). After the washes, reactions were visualized by
adding a developer solution comprised of 40mg Napthol AS-MX Phosphate (SIGMAALDRICH Co., St. Louis, MO) and 80mg Fast-Red (SIGMA-ALDRICH Co., St. Louis,
MO) dissolved in 30mL 50mM Tris/HCl (pH 8.0) while gently shaking. A positive
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reaction was synonymous with the appearance of red bands. Rinsing the nitrocellulose
strips with tap water for several seconds terminated the reaction.
L.

Western Immunoblot Analysis
A standard western blot was performed to visualize the reactions between the

isolated pilin and a 1244 pilin protein specific monoclonal antibody. Following SDSPAGE, pilin was electroblotted on to 0.45µm nitrocellulose paper (Osmonics Inc.,
Gloucester, MA) by using the Bio-Rad Mini Trans-blot® Electrophoretic Transfer Cell.
The electroblotting was performed at a constant voltage of 100V for approximately 20
minutes in a trans-blot buffer (25mM Tris, 192mM glycine, 20% methanol, approximate
pH 8.3). Afterwards, the nitrocellulose paper was removed and blocked for 20 minutes
in killer filler. Next, the nitrocellulose paper was treated overnight with a primary
antibody solution (Table 2), diluted 1:1,000 in killer filler, at room temperature with
constant motion. The next day, the nitrocellulose paper was washed three times with
PBS for 10 minutes each. Following the washes, a FITC conjugated secondary goat
anti-mouse antibody (Table 2) diluted 1:1,000 in killer filler was added to the
nitrocellulose paper while in the dark. The paper was then incubated in this secondary
antibody for 90 minutes with constant motion and darkness. After, the nitrocellulose
paper was washed three times in darkness with PBS for 10 minutes each. The paper
was allowed to dry, and reactions were visualized with a FluorImager 595 (Amersham
Biosciences, Piscataway, NJ) and ImageQuant Version 5.0 software (Amersham
Biosciences, Piscataway, NJ), as before for FITC. Also, the quantity of pilin that reacted
was calculated as described below.

49

In addition, western blot analysis was performed to visualize the reactions of the
adsorbed rabbit serum to PAK(pPAC46) and 1244 pili and also LPS, which was
obtained from a laboratory stock prepared by the Westphal and Jann method (Westphal
and Jann, 1965). Both PAK(pPAC46) and 1244 pili samples were prepared at a
concentration of 47µg/mL with 2x NuPAGE loading buffer. Similarly the LPS sample
was diluted with 2x NuPAGE loading buffer, but to a concentration of 370ng/µL. All
three samples were heated at 95°C for 10 minutes before separation via SDS-PAGE, as
described earlier. Following SDS-PAGE, the western blot was carried out, which was
explained above. However, the serum from the final adsorption diluted 1:1,000 in killer
filler served as the primary antibody. As with the dot blot, reactions were visualized in
two manners, which required the use of both FITC conjugated and phosphatase
conjugated secondary anti-rabbit antibodies (Table 2). For comparison, a similar
western blot was performed with non-adsorbed terminal bleed DQ3 rabbit serum diluted
1:1,000 in killer filler as the primary antibody.
M.

Quantitation of Pilin
First, to ensure the western blot process was ideal for quantitating pilin levels, a

few control measures were taken. Specifically, experiments were performed to confirm
all protein exits a 10% Bis-Tris gel during the blotting period and also to check for any
protein leakage from the nitrocellulose paper. To do so, western blot analysis of a pilin
standard was carried out, as described above. However, the pilin was electroblotted
onto two back to back sheets of 0.45µm nitrocellulose paper. Following the blot, the gel
was set aside and reactions on the two papers were visualized with a FluorImager 595
(Amersham Biosciences, Piscataway, NJ) and ImageQuant Version 5.0 software
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(Amersham Biosciences, Piscataway, NJ), as before for FITC. Next, the gel that had
been set aside was blotted a second time and reactions were visualized in a similar
manner.
As for the actual pilin quantitation, it was mentioned above that the FluorImager
and ImageQuant software were used to analyze the western blots developed with a
FITC conjugated secondary antibody. Via this instrument and software, blots were
scanned and the bands were measured to obtain a volume for each. Specifically, the
ImageQuant software calculated volume by creating a three-dimensional plot of pixel
length, width, and intensity. To correlate volume with a mass of pilin, the FluorImager
was calibrated. To do so, western blot analysis of pilin standards of various masses
was performed, as described above. The blot was scanned using particular settings
(100 micron pixel size, 16 bits digital resolution, normal detection sensitivity, and 600
PMT voltage), and the volume of each band was measured. Afterwards, pilin mass (xaxis) versus band volume (y-axis) was plotted to establish a pilin mass to volume ratio,
which all western blots scanned in this manner could be compared to.
N.

Enzyme Linked Immunosorbent Assay (ELISA)
ELISA assays were performed with the adsorbed rabbit serum to determine if the

glycan is an important immunogenic epitope. Fishebrand® flat bottom, high binding,
polystyrene, 96-well plates (Fisher Scientific, Pittsburgh, PA) were used for these
assays. All samples were done in triplicate for an average value per sample. First,
50µL of the antigen, diluted to the desired concentration in PBS, was added to the wells
of the plate. The antigen was incubated in the wells at 30°C for 2 hours with constant
motion. Immediately after, the antigen was removed, and the wells were washed three
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times with 200µL of PBS. Each well was then blocked with 400µL of killer filler for 2
hours at 30°C with constant motion. The wells were washed three times with PBS as
before prior to addition of the primary antibody. The rabbit serum obtained from the
final adsorption served as the primary antibody. Two-fold dilutions of the serum were
made using killer filler ranging from 1:100 to 1:100,000. Each well had 50µL of the
appropriate serum dilution added to it, and they were treated in this manner for 1 hour
with constant motion at 30°C. Following primary antibody treatment, the wells were
washed three times with PBS as before. Afterwards, 50µL of a phosphatase conjugated
secondary goat anti-rabbit antibody (Table 2) diluted 1:1,000 in killer filler was added to
each well. The wells were incubated in the secondary antibody for 90 minutes at 30°C
with constant motion. Again, the wells were washed three times with PBS. The
reactions were developed by adding 50µL of 1mg/mL p-nitrophenyl phosphate (pNPP)
solution to each well. The pNPP solution was comprised of pNPP (FisherBiotech,
Fairlawn, NJ) dissolved in 0.5mM MgCl2, 10% DEA (pH 9.8). The developing process
was continued for 30 minutes at 30ºC with constant motion. The reactions were
terminated by adding 50µL 0.1M sodium-EDTA to each well directly on top of the pNNP.
The plates were then read on an ELISA Bio-Rad Model 3550 Microplate Reader at a
wavelength of 405nm. For comparison, similar ELISA assays were performed with nonadsorbed terminal bleed DQ3 rabbit serum diluted in killer filler as the primary antibody.
When LPS was used as the antigen, the wells had to be first coated with 1mg/mL
poly-l-lysine (SIGMA Chemical Co., St. Louis, MO) in PBS. This coating promotes
adhesion, allowing the antigen to stick. Each well was incubated in 50µL of the poly-llysine solution for 15 minutes at 30°C with constant motion. Afterwards, the wells were
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washed three times with 200µL of PBS. At this point, the LPS was added, and the
remainder of the assay was carried out as explained above.
O.

Real-time RT-PCR
Real-time RT-PCR was performed with the extracted RNA using a Qiagen

QuantiTect® SYBR® Green RT-PCR Kit (Valencia, CA). This particular kit is a onestep real-time RT-PCR kit, through which reverse transcription and real-time PCR occur
in a single tube. During each reaction, reverse transcription occurs first for a brief
period to convert the template RNA to cDNA. Afterwards, a dramatic increase in
temperature inactivates the reverse transcriptases, while at the same time activates
DNA polymerase. The cDNA is denatured and real-time PCR proceeds without any
interference from the reverse transcription process. Table 3 lists primers (Integrated
DNA Technologies Inc., Coralville, IA) that were utilized in this research. Target
sequences approximately 139 and 66 base pairs were amplified using pilA and oprL
primers, respectively. Each reaction was comprised of 25µL 2x QuantiTect SYBR
Green RT-PCR Master Mix, 0.5µL QuantiTect RT Mix, 0.5µM of forward and reverse
primers, 0.500ng of template RNA, and a quantity of RNase-free water sufficient to
bring the final reaction volume to 50µL. All reactions were done in triplicate. In addition,
a single no template negative control reaction was prepared for each set of primers,
with RNase-free water substituting for the template RNA. The real-time RT-PCR
reactions were run in a Rotor-Gene 2000 Real-Time Cycler (Phenix Research Products,
Candler, NC). Reverse transcription occurred at 50°C for 30 minutes, followed by an
initial activation step of 95°C for 15 minutes. Afterwards a cycle of 94°C for 15 seconds,
50°C for 30 seconds, and 72°C for 30 seconds was repeated 30 times. Lastly, a melt
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analysis from 50°C to 95ºC, holding at each temperature for 7 seconds, was performed,
whereby the melting temperature for each amplification product was obtained.
Table 3: Primer Sequences Developed for this Research
Melting
GC Content
Sequence (5’→3’)
Temperature
pilA forward
TCG AAC TGA TGA TCG TGG
50.0%
51.7°C
Primer

pilA reverse

TCC TTC CCT TCC AGA ATC

50.9°C

50.0%

oprL forward

AAC AGC GGT GCC GTT GAC

59.0°C

61.1%

oprL reverse

GTC GGA GCT GTC GTA CTC GAA

58.6°C

57.1%

P.

Agarose Gel Electrophoresis
The real-time RT-PCR products were analyzed via agarose gel electrophoresis

using an International Biotechnologies Inc. (IBI) (NewHaven, CT) medium-gel
apparatus. The agarose gels, 2.5%, were prepared by mixing 2.25g agarose and 90mL
1x TBE buffer (89mM Tris, 89mM boric acid, and 2mM EDTA, pH 8.3). After the
mixture was heated to melt the agarose, 4.5µL of a 10mg/mL ethidium bromide solution
was added. The solution was mixed extensively; the gel was poured onto the gel
support and allowed to solidify. Samples were prepared by mixing 5µL of a particular
real-time RT-PCR product, 3µL of 6x DNA loading buffer (Sambrook et al., 1989), and
12µL of 1x TBE buffer. The gels were run in 1x TBE buffer, containing 25µL of a
10mg/mL ethidium bromide solution, for approximately 90 minutes at a constant voltage
of 160V. The samples were always run along side a 25bp DNA step ladder (Promega,
Madison, WI). Bands were visualized by placing the gel on a Spectroline Model TR-302
UV transilluminator (Westbury, NY) and photographed with a Fotodyne Inc. Polaroid
camera (Hartland, WI).
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Q.

Data Analysis
In order to analyze the real-time RT-PCR data, it was best to gather as much as

possible. Therefore, three runs were carried out. Each run contained triplicate
reactions for the following: RNA from broth cells with pilA primers, RNA from broth cells
with oprL primers, RNA from plate cells with pilA primers, and RNA from plate cells with
oprL primers. In addition, a no template control for each set of primers was included in
every run. The first two runs were identical to ensure results were duplicated, and the
third run utilized RNA from different cultures than those of the first two runs to make
certain results were duplicated even in various cultures.
For each run, the threshold cycle (CT) was determined for every reaction. This is
the cycle number at which the amount of amplified target reaches a fixed threshold.
The triplicate threshold cycles were then averaged for each growth condition and primer
set to obtain a mean CT and standard deviation. Since oprL was a reference gene, ∆ CT
values (meanpilA – meanoprL) and new standard deviations were calculated for each
growth condition. Then to determine whether transcript levels differed significantly
between broth and plate grown cells, ∆ CT values, standard deviations, and sample
sizes from all three runs were entered into the Prism data analysis program (GraphPad
Prism version 4.0, GraphPad Software, San Diego, CA), and a two-tailed t test was
performed. Additionally, similar two-tailed t tests were performed with the mean CT
values and respective standard deviations to determine if pilA or oprL expression
differed significantly between broth and plate grown cells on their own.
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III.

Results

A.

Environmental Signals and Regulation of P. aeruginosa 1244 Piliation
As mentioned earlier, various mechanisms serve to regulate both piliation and

twitching motility. Presumably, these mechanisms are stimulated via environmental
signals, but the exact nature of the signals is not known (Huang et al., 2003). However,
previous work indicates that agitated cultures do not exhibit surface pili (Kelly et al.,
1989). The shaking motion may signal one or more of the bacteria’s regulatory modes
to switch off piliation. Moreover, pilA is differentially expressed in biofilm and planktonic
cells (Sauer and Camper, 2001; Sauer et al., 2004; Whiteley et al., 2001). Something in
each of these two environments must exert effects on the piliation process also.
Therefore, experiments were performed to determine if P. aeruginosa cells grown in
broth or on agar plates differ in regard to piliation. If so, the growth environment could
be a possible signal for regulatory mechanisms of piliation.
1.

Is there a difference between broth and plate grown P. aeruginosa
1244 cells with regard to piliation?

In order to determine whether there exists a difference between P. aeruginosa
1244 broth and plate grown cells with regard to piliation, a quantitative western blot
analysis was performed. Samples of sheared pili and the remaining cells were
prepared for both plate grown bacteria and also broth grown bacteria shaken at the
following speeds, stationary, 75rpm, 150rpm, and 300rpm. Following separation via
SDS-PAGE, pilin was electroblotted on to nitrocellulose paper, and treated with a pilinspecific monoclonal antibody 5.44. Referring to Figure 13, there was less pilin overall in
broth grown cells at all four speeds versus the plate grown cells. Figure 13A represents
the cellular pilin, and a difference is evident when broth and plate grown cells are
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compared. However, Figure 13B, which depicts the extra cellular pilin, shows an
extreme decrease in pilin for the broth grown cells. This observation confirmed the
previous idea that agitated cultures, and even broth cultures in general, produce little if
any surface pili. However, to extend this observation even farther, the differential pilin
expression was quantitated.
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Figure 13: Western blot analysis of P. aeruginosa 1244 isolated pilin.
(A) Cellular pilin. (B) Extra cellular pilin. For both A and B, lane 1 represents plate
grown cells. Lanes 2-5 are samples from broth grown cells shaken at the speed
indicated. Migration of the molecular weight standard is indicated by 15.5kDa. Both
blots were probed with pilin-specific monoclonal antibody 5.44.
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As described in the materials and methods, experiments were performed to
ensure the western blot analysis was ideal for quantitating pilin levels. First, to assure
protein did not leak from the nitrocellulose paper during the blotting period, pilin
standards were electroblotted onto two back to back sheets of paper. Figures 14A and
B show images of the two papers. Pilin is readily visible in Figure 14A, the first of the
two. However, it is not detectable in Figure 14B, the second of the two, indicating
protein did not escape from the first sheet of nitrocellulose paper during the blot. Next,
the same gel was blotted a second time to confirm all protein exited during the initial
blotting period. Figure 14C depicts the results of this blot and again pilin is not
detectable, meaning all protein did exit the gel during the original blotting phase.
Therefore, the western blot procedure of the current research is an ideal one for
quantitating pilin levels.
Also as mentioned in the materials and methods, a FluorImager and ImageQuant
software were used to analyze the western blots. To calibrate the FluorImager, western
blot analysis of pilin standards of various masses was performed. The blot was
scanned using particular settings (100 micron pixel size, 16 bits digital resolution,
normal detection sensitivity, and 600 PMT voltage), and the volume of each band was
measured. Afterwards, pilin mass versus band volume was plotted. Both the western
blot and the data plot are shown in Figure 15. Referring specifically to the plot in Figure
15B, the most linear portion of the curve corresponds to a pilin mass to volume ratio of
10ng to 5,000,000 arbitrary units. This particular ratio holds true for up to a volume of
23,000,000, upon which the curve starts to take on a non-linear shape. Values above
23,000,000 are probably beyond the capabilities of the machine and software,
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especially if accurate quantitation is desired. Therefore, western blots in the present
research were scanned using similar FluorImager settings, and the standard ratio
acquired here was used to correlate volumes with a mass of pilin, providing that
volumes did not surpass the 23,000,000 cutoff point.
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15.5kDah

A

B

C
Figure 14: Western blot procedural controls. (A) Western blot analysis of pilin
standards, specifically the first of two back to back pieces of nitrocellulose paper. Lanes
1, 2, 3, and 4 contain 25, 50, 75, and 100ng pilin, respectively. Migration of the
molecular weight standard is indicated by 15.5kDa. The blot was probed with pilinspecific monoclonal antibody 5.44. (B) Illustration of the second piece of nitrocellulose
paper that was placed back to back with that appearing in A during blotting.
(C) Depiction of the resulting nitrocellulose paper after the same gel used in the western
blot analysis of A was blotted a second time.
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Figure 15: FluorImager calibration with pilin standards. (A) Western blot analysis of
pilin standards. Above each lane, the quantity of pilin loaded is indicated. Migration of
the molecular weight standard is indicated by 15.5kDa. The blot was probed with pilinspecific monoclonal antibody 5.44. (B) A plot of the pilin loaded versus the volume of
each band. Volume is the measurement obtained with the FluorImager and
ImageQuant software. Considering the most linear portion of the curve, 10ng of pilin is
equivalent to a volume of 5,000,000 arbitrary units. The red horizontal line indicates the
23,000,000 cutoff point, above which volumes were not used for quantitation.
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Using the standard ratio discussed in the previous paragraph, the differences
observed in P. aeruginosa 1244 broth and plate grown cells with regard to pilin
expression were quantitated. The results appear in Table 4. Cellular pilin measures
approximately 3.40µg/109cells in plate grown cells, whereas broth grown cells at various
speeds only produce between 1.12 and 1.76µg/109cells. Turning to extra cellular pilin,
plate grown cells have 10.50µg/109cells. On the other hand, the most extra cellular pilin
measured in broth grown cells is a mere 0.17µg/109cells. These differences in extra
cellular pilin are striking. Broth grown cells agitated or not, exhibit very little if any
surface pili. Also, if one considers the ratios of extra cellular to cellular pilin shown in
Table 4, it is evident that broth grown cells produce much less extra cellular than cellular
pilin. However, the opposite is true for plate grown cells.

Table 4: Quantitation of Pilin in P. aeruginosa 1244 Broth and Plate Cellsa
Extra Cellular Pilin Ratio of Extra Cellular
Growth Condition
Cellular Pilin
to Cellular Pilin
(µg/109cells)
(µg/109cells)
Plate:
3.40
10.50
3.09
Broth:
0rpm

1.52

0

0

75rpm

1.33

0.17

0.13

150rpm

1.76

0.07

0.04

300rpm

1.12

0

0

(a: data shown represent a single experiment, but are representative of two western blot
analyses)

61

2.

Hyperexpression of the pilA Gene and its Effects on Piliation

The results discussed above indicate a key difference between P. aeruginosa
1244 broth and plate cells, being those grown in broth exhibit very little if any surface
pili. It would seem the broth environment is a cue, signaling for regulatory molecules to
alter piliation. Since the pilA gene codes for the major pilin structural subunit, it is very
possible the pathway targets transcription of this gene to ultimately disrupt pilus
synthesis. Therefore, the goal of the current experiment was to determine if pilin
suppression could be overcome in broth grown cells when the pilA gene was
hyperexpressed. Hyperexpression was achieved via the pPAC46 plasmid, which
contains the genes pilAO behind a tac promoter (Table 1). This particular promoter is
inducible via IPTG (Castric, 1995). As with P. aeruginosa strain 1244, a quantitative
western blot analysis was performed. Again, samples of sheared pili and the remaining
cells were prepared for both P. aeruginosa 1244(pPAC46) plate grown bacteria and
also broth grown bacteria shaken at the following speeds, stationary, 75rpm, 150rpm,
and 300rpm. Following separation via SDS-PAGE, pilin was electroblotted on to
nitrocellulose paper, and treated with a pilin-specific monoclonal antibody 5.44. From
Figure 16A, cellular pilin expression is greater than that in strain 1244 for all growth
conditions. Also, extra cellular pilin production has increased in both plate and broth
growth cells versus those of 1244 (Figure 16B). In addition, broth grown cells shaken at
150 and 300 rpm overcame the pilin suppression to a greater extent than those in a
stationary position or agitated at 75rpm. Table 5 shows the quantitation of these
results. Plate grown cells produce 10.80µg cellular and 23.60µg extra cellular pilin per
109cells, for a ratio of 2.19 extra cellular to cellular. Although the plate grown cells still
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had more pilin, broth grown cells overcame the suppression when compared to 1244
cells. Cellular pilin increased, with a range of 3.43 to 4.64µg/109cells, and as much as
4.77µg extra cellular pilin per 109cells was produced. Broth grown cells in the stationary
position or shaken at 75rpm, like 1244 broth cells, produce less extra cellular than
cellular pilin, but those shaken at 150 or 300rpm have ratios more like that of plate
grown cells. Overall, the pilin suppression was somewhat overcome in P. aeruginosa
1244(pPAC46) broth grown cells. These results suggest that regulation of this
phenomenon is at least partially at the transcriptional level, although this remains
speculation. Also, because there is variation throughout the four broth environments,
other factors such as osmotic pressure, oxygen level, etc. may play a role in the
suppression.
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Figure 16: Western blot analysis of P. aeruginosa 1244(pPAC46) isolated pilin.
(A) Cellular pilin. (B) Extra cellular pilin. For both A and B, lane 1 represents plate
grown cells. Lanes 2-5 are samples from broth grown cells shaken at the speed
indicated. Migration of the molecular weight standard is indicated by 15.5kDa. Both
blots were probed with pilin-specific monoclonal antibody 5.44.

To learn more concerning pilin suppression in broth cells and the molecular
factors involved, hyperexpression of the pilA gene was also examined in P. aeruginosa
1244N3. As stated in Table 1, this particular strain is pilin deficient due to an inactivated
rpoN gene (Ramphal et al., 1991). The rpoN gene codes for the σ54 subunit of RNA
polymerase, which is required for normal expression of pilA (Ishimoto and Lory, 1989).
The specific goal of this experiment was to determine if pilin suppression could still be
overcome in broth grown cells lacking σ54 when the pilin structural gene was again
hyperexpressed. It is possible that broth grown 1244N3(pPAC46) cells will overcome
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the pilin suppression to an even greater extent than the 1244(pPAC46) broth cells. The
only difference between the two is the lack of rpoN for 1244N3, therefore suggesting
rpoN or its product σ54 are involved in the suppression. Perhaps rpoN or its product
serves a dual role, also regulating or stimulating a factor that shuts off piliation in broth
culture. To determine if this is the case though, another quantitative western blot
analysis was performed. As before, samples of sheared pili and the remaining cells
were prepared for both P. aeruginosa 1244N3(pPAC46) plate grown bacteria and also
broth grown bacteria shaken at the following speeds, stationary, 75rpm, 150rpm, and
300rpm. Following separation via SDS-PAGE, pilin was electroblotted on to
nitrocellulose paper, and treated with a pilin-specific monoclonal antibody 5.44. The
results appear in Figure 17, and from the blots themselves it is hard to decipher whether
1244N3(pPAC46) broth cells overcame pilin suppression more so than 1244(pPAC46)
broth cells. However, Figure 17A shows higher levels of cellular pilin for all growth
conditions when compared to strain 1244. Also, Figure 17B shows an increase in extra
cellular pilin for both plate and broth grown cells versus similar 1244 cells. As in
1244(pPAC46) broth cells, it is evident that the broth cells shaken at 150 or 300rpm
produced more extra cellular pilin than those in the stationary position or agitated at
75rpm. The quantitation of these results appears in Table 5. Plate grown cells still
exhibit a high ratio of extra cellular to cellular pilin, producing 37.80µg extra cellular and
only 6.33µg cellular pilin per 109cells. They also produce more pilin overall than broth
cells. Cellular pilin for broth grown cells ranges from 4.11 to 5.95µg/109cells, with extra
cellular pilin falling between 1.11 and 17.50µg/109cells. Aside from the cells shaken at
300rpm, broth grown cells are producing less extra cellular than cellular pilin. From the
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quantitation, one might be inclined to conclude that on average, 1244N3(pPAC46) broth
cells overcame pilin suppression more so than similar 1244(pPAC46) cells. However, it
seems invalid at this point to definitively say that rpoN or its product are involved in the
phenomenon.
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Figure 17: Western blot analysis of P. aeruginosa 1244N3(pPAC46) isolated pilin.
(A) Cellular pilin. (B) Extra cellular pilin. For both A and B, lane 1 represents plate
grown cells. Lanes 2-5 are samples from broth grown cells shaken at the speed
indicated. Migration of the molecular weight standard is indicated by 15.5kDa. Both
blots were probed with pilin-specific monoclonal antibody 5.44.
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Table 5: Quantitation of Pilin in P. aeruginosa Broth and Plate
Cells Following Hyperexpression of the pilA Genea
Growth Condition
Cellular Pilin
Extra Cellular Pilin Ratio of Extra Cellular
to Cellular Pilin
(µg/109cells)
(µg/109cells)
1244(pPAC46):
Plate:
10.80
23.60
2.19
Broth:
0rpm

4.64

0.94

0.20

75rpm

4.12

0.95

0.23

150rpm

3.43

4.77

1.39

300rpm

4.42

4.25

0.96

1244N3(pPAC46):
Plate:

6.33

37.80

5.97

Broth:
0rpm

4.11

1.11

0.27

75rpm

4.51

2.19

0.49

150rpm

5.48

3.98

0.73

300rpm
5.95
17.50
2.94
(a: data shown represent a single experiment, but are representative of two western blot
analyses)
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3.

How quickly will surface contact reverse pilin suppression in broth
grown P. aeruginosa 1244 cells?

The previous experiments revealed that P. aeruginosa 1244 cells grown on agar
plates make surface pili, whereas those grown in broth lack similar appendages. Thus,
the current experiment was designed to determine if and how quickly surface contact
would induce pili production in broth cells. To do so, 1244 bacterial cells were initially
grown in broth with shaking at 250rpm, after which 4.8 x 107 cells were transferred to an
agar surface for various time periods. Extra cellular pilin recovered from the agar
surface was separated via SDS-PAGE, electroblotted on to nitrocellulose paper, and
treated with a pilin-specific monoclonal antibody 5.44. Referring to Figure 18A, one can
see that surface pilin production increased as the exposure time to an agar surface
increased also, indicating that pilin suppression in broth grown cells can be reversed.
Again here, the results were quantitated according to the standard ratio, and the values
appear in Table 6. Directing one’s attention to the values for stationary phase cells,
within 120 minutes, surface pilin expression increased from only 10.53ng to 60.57ng.
One might also notice that in the first 30 minutes, the increase in surface pilin
production was slight, after which it dramatically climbed. As the 1244 cells utilized here
were in the stationary phase of bacterial growth, it might be possible that the lag seen in
the first 30 minutes represents the cells entering the logarithmic phase of bacterial
growth. Perhaps the cells produce surface pili when growing exponentially, and contact
with an agar surface provides no stimulation what so ever.
To learn more regarding the lag seen in the first 30 minutes, the experiment was
repeated exactly as described above, but with 1244 bacterial cells already in the
logarithmic phase of bacterial growth. As depicted in Figure 18B, the results look
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similar to those of the stationary phase cells, with a comparable lag seen in the first 30
minutes. Table 6 shows the quantitation of these results, and again surface pilin
production dramatically increases after an initial 30 minute lag during which expression
climbs only slightly. Therefore, the first 30 minutes most likely represent a signaling
pathway stimulated by contact with the agar surface culminating in increased surface
pili production.
Lastly, the rate at which P. aeruginosa 1244 broth grown cells produce pilin
following contact with an agar surface was determined. From the quantitation of pilin
induction (Table 6), the rate of pilin synthesis was determined for each time point
(change in pilin mass/change in time). Figure 19 is a plot of the rates, and it clearly
shows that for both stationary and logarithmic phase broth cells, the longer they are
exposed to an agar surface, the faster they synthesize pilin. On average, following
contact with an agar surface, stationary phase broth cells produce pilin at a rate of
0.417ng/min whereas logarithmic phase cells exhibit a rate of 0.253ng/min.
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Figure 18: Western blot analysis to pilin of P. aeruginosa broth grown cells after
exposure to an agar surface. (A) Stationary phase whole cell extracts.
(B) Logarithmic phase whole cell extracts. For both A and B, lane 1 represents a pilin
standard. Lanes 2-6 are broth grown cells after exposure to an agar surface for the
time indicated above each lane. Migration of the molecular weight standard is indicated
by 15.5kDa. Both blots were probed with pilin-specific monoclonal antibody 5.44.
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Table 6: Quantitation of Pilin Inductiona
Stationary Phase Cells
Logarithmic Phase Cells
Time (minutes)
Pilin (ng)
Pilin (ng)
0
10.5
0.2
30

11.4

2.1

60

17.8

4.9

90

32.9

16.0

120
60.6
30.5
(a: data shown represent a single experiment, but are representative of two western blot
analyses)

SStationary
eries1

Phase Cells

SLogarithmic
eries2

Phase Cells

Pilin synthesis
(ng/min)

1
0.8
0.6
0.4
0.2
0
0

20

40

60

80

100

120

140

Time (minutes)
Figure 19: Rate of pilin synthesis over the course of 120 minutes. From the
quantitation of pilin induction, the rate at which P. aeruginosa broth grown cells produce
pilin after exposure to an agar surface was determined. From the plot, one can see that
the longer the cells are exposed to an agar surface, the faster they synthesize pilin.
This is true for both stationary and logarithmic phase cells.

71

4.

Is pilA gene expression in P. aeruginosa 1244 broth and plate cells
regulated at the transcriptional level?

Since pilin suppression was overcome to some extent in P. aeruginosa
1244(pPAC46) broth cells, this suggested that the phenomenon was caused at least in
part by transcriptional regulation of the pilA gene. Hence, the present experiment
sought to determine if the pilA gene, the major structural gene of pilin, was differentially
expressed in broth and plate grown P. aeruginosa 1244 cells. Pure RNA of good
integrity was extracted from both broth and plate cells, as shown in Figure 20. The
sharp ribosomal bands are an indication of good quality RNA that did not suffer any
major degradation during the extraction process. Real-time RT-PCR analysis was then
performed with the RNA to examine transcript levels of both the pilA gene and the oprL
reference gene. Specifically, the oprL gene codes for a protein with function in
maintenance of the cell envelope and morphology (Rodriguez-Herva and Ramos,
1996). In the current experiment, and also in previous real-time RT-PCR work (Beatrice
et al., 2005), this particular gene served as both an amplification control and a RNA
level reference point. As shown in Figure 21, the process appeared successful, with
the two gene targets amplified for both growth conditions. In fact, all reactions depicted
reached threshold amplification before cycle 20. Also, from this preliminary data, it
seems the pilA and oprL genes were amplified similarly within each growth condition.
However, to confirm the appropriate gene targets were amplified, melt and agarose gel
analyses were carried out before moving forward.

72

Broth

Plate

5Sh

16Sh
23Sh
Figure 20: Formaldehyde agarose gel analysis of RNA extracts. On the left, three
different RNA extracts from broth grown cells are shown, whereas on the right, the three
various extracts are from plate grown cells. In all extracts, sharp bands are evident
representing the indicated ribosomal RNAs.
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Figure 21: Real-time RT-PCR amplification plot. (A) Primers are targeted for the pilA
gene. Green represents broth grown cells, and blue depicts plate grown cells.
(B) Primers are targeted for the oprL gene. Purple represents broth grown cells, and
red depicts plate grown cells. For both A and B, the graphs display cycle number (xaxis) versus normalized fluorescence (y-axis, logarithmic scale). For each set of
primers and each growth condition, triplicate reactions are displayed to illustrate
consistent amplification. The thresholds indicated represent the fluorescence at which
the threshold cycle (CT) was determined for each reaction. As shown, all reactions
reached threshold before cycle 20. No template control reactions did not reach
threshold until after cycle 30 and are not shown.
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The melt analysis from 50-95°C occurred at the end of each real-time RT-PCR
reaction, pausing at each temperature for 7 seconds. Each amplification product melts
at a particular temperature, as illustrated by the distinct peaks in Figure 22. Figure 22A
shows the pilA amplification products. For both growth conditions, a predominant
product melts consistently between 80 and 90°C. In the no template control reaction,
the predominant product melts lower than that for the pilA reactions with template RNA.
This is characteristic of primer dimer interactions. Figure 22B depicts the oprL
amplification products. Again for both growth conditions, a predominant product melts
consistently between 80 and 90°C. Distinct peaks do not appear for the no template
control reaction, indicating a lack of amplification. Therefore, the oprL primers did not
interact with each other. As for the agarose gel analysis, it confirms that products were
amplified of the anticipated sizes (Figure 23). For each primer set, regardless of the
growth condition, a single consistent band appeared on the gel. Any bands visible for
the no template control reactions are typical of primer dimer formation, as was seen in
the melt analysis also.

74

A

B

Figure 22: Melt analysis of amplification and no template control reactions
following real-time RT-PCR. (A) Primers are targeted for the pilA gene. Green
represents broth grown cells, blue depicts plate grown cells, and orange illustrates the
no template control. (B) Primers are targeted for the oprL gene. Purple represents
broth grown cells, red depicts plate grown cells, and yellow illustrates the no template
control. For both A and B, the graphs display temperature (x-axis) versus the change in
SYBR green fluorescence (y-axis). The peaks display the predominant products
produced. The same amplification products were not observed in the no template
controls, if any. For each set of primers and each growth condition, triplicate reactions
are shown to illustrate the amplification of a consistent product.
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Figure 23: Agarose gel analysis of amplification and no template control
reactions following real-time RT-PCR. (A) Primers are targeted for the pilA gene.
(B) Primers are targeted for the oprL gene. For both A and B, lanes 1-3 represent
triplicate reactions of broth grown cells. Lanes 4-6 illustrate triplicate reactions of plate
grown cells. Lane 7 is empty, 8 contains the 25bp Promega DNA step ladder (size
range of 25-300bp), 9 is also empty, and lane 10 contains the no template control
reaction. Migration of the DNA step ladder is indicated by 25, 75, and 150bp. For each
set of primers, the size of the amplified product was as expected and consistent no
matter what the growth condition. The same amplification products were not observed
in the no template reactions, if any.

With confidence that the appropriate gene targets were amplified during the realtime RT-PCR process, data from three runs was analyzed. The first two of these runs
were identical to ensure results were duplicated. Both had triplicate reactions of the two
growth conditions paired with each set of primers and also a no template control
reaction for each primer set. The third run was similar to the first two, aside from the
fact that it utilized RNA from different cultures than those of the first two runs to make
certain results were duplicated even in various cultures. For each run, the threshold
cycle (CT) was determined for every reaction (Figure 21). The triplicate threshold cycles
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were then averaged for each growth condition and primer set to obtain a mean CT and
standard deviation. Since oprL was a reference gene, ∆ CT values (meanpilA – meanoprL)
and new standard deviations were calculated for each growth condition. All the
aforementioned data is compiled in Table 7. To determine whether transcript levels
differed significantly between broth and plate grown cells, ∆ CT values, standard
deviations, and sample sizes from all three runs were analyzed with the Prism statistical
analysis program. A two-tailed t test (t=0.9461, 4 df, p=0.3977) indicated that the pilA
gene when compared to the oprL reference gene is surprisingly not differentially
expressed in broth and plate grown cells. However, when similar two-tailed t tests were
performed with the mean CT values and respective standard deviations, it was found
that both pilA (t=8.595, 4 df, p=0.0010) and oprL (t=8.819, 4 df, p=0.0009) expression
differed significantly between broth and plate grown cells on their own. In addition, from
Table 7, it appears that pilA and oprL expression are altered similarly within each
growth condition, leading one to question whether oprL is a stable reference gene.
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Table 7: Real-time RT-PCR Data
CT #1
CT #2
CT #3
Mean CT

Standard
Deviation

∆ CT

15.82

0.08

15.56

15.37

0.16

0.45 ±
0.18

18.19

18.08

18.27

0.25

18.27

18.4

18.41

18.36

0.08

Run 2:
broth, pilA

15.82

15.62

16.11

15.85

0.25

broth, oprL

14.95

15.62

15.31

15.29

0.34

plate, pilA

18.65

18.59

18.75

18.66

0.08

plate, oprL

17.77

17.78

18.55

18.03

0.45

Run 3:
broth, pilA

16.58

16.1

16.27

16.32

0.24

broth, oprL

15.98

15.98

16.34

16.1

0.21

plate, pilA

18.05

17.84

17.89

17.93

0.11

plate, oprL

18.01

17.97

17.85

17.94

0.08

Growth Condition
and Primer Set
Run 1:
broth, pilA

15.81

15.9

15.75

broth, oprL

15.27

15.29

plate, pilA

18.55

plate, oprL
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-0.09 ±
0.26
0.56 ±
0.42
0.63 ±
0.45
0.22 ±
0.32
-0.02 ±
0.14

B.

The Pilin Glycan as an Important Immunogenic Epitope
As mentioned before, production of the pilin glycan and LPS O-antigen

molecules via the same biosynthetic pathway holds implications for P. aeruginosa
vaccine development. In previous studies, immunization of animals with pure LPS-free
pili produced antibodies that were able to recognize both LPS and pili (Comer et al.,
2002; Jewell, 2004) Presumably, it was the pilin glycan that stimulated antibody
production against LPS, as both molecules arise from the same biosynthetic pathway
with similar structures. However, serum from study animals has never been analyzed to
determine what extent the pilin protein stimulates antibody production versus the pilin
glycan. If the pilin glycan is not an important immunogenic epitope directing a strong
response against the O-antigen, as believed to be the case, then the vaccine will prove
useless against those strains of P. aeruginosa lacking pili.
For the above reasons, the goals of the present experiment were to remove
antibodies against the pilin protein from terminal bleed rabbit serum obtained from
animals that were immunized with pure LPS-free pili (Jewell, 2004), and to
subsequently assess through ELISA assays whether the pilin glycan is an important
immunogenic epitope. The first step was to begin by adsorbing pilin protein antibodies
from the terminal bleed rabbit serum. A simple method for doing so is to place pili on a
nitrocellulose colony lift disc and expose the serum to this disc for a period of time. The
pilin antibodies will stick to the disc coated with pili, essentially removing them from the
rabbit serum. However, so that glycan antibodies are not captured also, the choice of
pili is important. Therefore, PAK(pPAC46) pili, with an O6 serotype glycan (Sastry et
al., 1985), were prepared for this purpose (Figure 24). Since the rabbits were

79

immunized with O7 serotype 1244 pili, O7 glycan antibodies should not be removed
during the adsorption. Terminal bleed DQ3 rabbit serum was adsorbed six consecutive
times in the manner described above (more details appear in materials and methods),
and the successful removal of pilin protein antibodies was confirmed through dot blot
and western immunoblot analyses.

1

2

3

4

41.3kDa h

h

Flagellin

15.5kDa h

h

Pilin

Figure 24: Protein stain of the prepared PAK(pPAC46) pili. Lanes 1, 2, 3, and 4
contain 5, 10, 15, and 20µL of the pili precipitate, respectively. Migration of the
molecular weight standard is indicated by 15.5 and 41.3kDa. Both flagellin and pilin are
present in the precipitate, but pilin comprises a greater portion.
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In the dot blot analysis, PAK(pPAC46) and 1244 pili served as the antigens, and
both were spotted in triplicate onto six nitrocellulose strips. Each strip was treated with
one adsorbed rabbit serum sample diluted 1:1,000 in killer filler representing each of the
six adsorptions. As depicted in Figure 25, the adsorption was successful. After every
consecutive adsorption, the serum exhibits a strong reaction with the 1244 pili. One
would expect this as the rabbits were immunized with this exact type of pili. Even if the
serum lacks pilin protein antibodies, the remaining glycan antibodies will react with O7
serotype 1244 pili. In contrast, following just one adsorption, the rabbit serum has a
very weak reaction if any with the PAK(pPAC46) pili. Since pili of this nature possess
an O6 serotype glycan, reaction would only occur if pilin protein antibodies remained.
Similar results were obtained when a western blot analysis was performed to assess
reactions of the adsorbed rabbit serum to PAK(pPAC46) and 1244 pili and also LPS.
Figure 26 illustrates the reactions that occurred when a blot was treated with nonadsorbed terminal bleed DQ3 rabbit serum diluted 1:1,000 in killer filler versus similar
serum that was adsorbed six times. Both forms of serum exhibit strong reaction with
the 1244 pili. However, the adsorbed serum exhibits virtually no reaction with the
PAK(pPAC46) pili. In addition, the serums reacted equally well with LPS, as one would
presume should happen.
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1

2

3

4

5

6

Figure 25: Dot blot of terminal bleed DQ3 rabbit serum following adsorption of
pilin antibodies. On the top halves of the blots, 1244 pili (93µg/mL) served as the
antigen, whereas on the bottom halves, PAK(pPAC46) pili (93µg/mL) were the antigen.
Each blot was incubated with the adsorbed rabbit serum, diluted 1:1,000 in killer filler.
The number above each blot corresponds to the number of times the serum was
adsorbed.
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41.3kDah

27.3kDah

20.7kDah

15.5kDah

A

B

Figure 26: Western blot analysis of non-adsorbed and adsorbed terminal bleed
DQ3 rabbit serum. (A) The blot was incubated with the non-adsorbed rabbit serum,
diluted 1:1,000 in killer filler. (B) The blot was incubated with the rabbit serum adsorbed
6 times, diluted 1:1,000 in killer filler. For both blots, reactions to PAK(pPAC46) pili,
1244 pili, and LPS are shown. Lane 1 contains 0.5µg 1244 pili, lane 2 has 0.5µg
PAK(pPAC46) pili, and lane 3 is 5.5µg LPS. Migration of the molecular weight standard
is indicated by 15.5, 20.7, 27.3, and 41.3kDa.
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Lastly, ELISA assays were performed to determine if the pilin glycan is an
important immunogenic epitope. Antibody responses of the non-adsorbed terminal
bleed DQ3 rabbit serum and also of the similar serum that was adsorbed six times were
assessed. Responses to 1244 pili, PAK(pPAC46) pili, and LPS are shown in Figures
27, 28, and 29, respectively. Table 8 is a summary of these antibody responses, for
which an absorbance of 0.2 was chosen as a constant endpoint. The endpoint provides
a point where the two types of serum can be compared. At this endpoint, the nonadsorbed serum has a high titer of antibodies for 1244 pili at a dilution of 4.88 x 10-6,
whereas the adsorbed serum is at a dilution of 1 x 10-5. Presumably, the difference
between the two represents antibodies against the pilin protein, as the adsorbed serum
contains mainly glycan antibodies. Since the adsorbed serum differs from the nonadsorbed serum by only a log, the pilin glycan does appear to be an important
immunogenic epitope. As for antibody response to the PAK(pPAC46) pili, the nonadsorbed serum has a high titer of antibodies at a dilution of 3.91 x 10-5. At this same
endpoint, the adsorbed serum is at a dilution of 7.90 x 10-3, as little antibodies remain to
react with the pilin protein and the O7 glycan antibodies are unresponsive to an O6
serotype. Similar to the western blot analysis, both types of serum exhibit equal
antibody responses to LPS.
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Absorbance at 405nm
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Figure 27: ELISA assay to assess the response of both non-adsorbed and
adsorbed terminal bleed DQ3 rabbit serum against 1244 pili. The non-adsorbed
serum shows a higher titer of antibodies for 1244 pili than the adsorbed serum exhibits.
The difference in titer between the two represents antibodies to the pilin protein, as the
adsorbed serum contains mainly glycan antibodies.
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Figure 28: ELISA assay to assess the response of both non-adsorbed and
adsorbed terminal bleed DQ3 rabbit serum against PAK(pPAC46) pili. The nonadsorbed serum has a high titer of antibodies reacting with the PAK(pPAC46) pili,
whereas the adsorbed serum has an extremely low amount.
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Figure 29: ELISA assay to assess the response of both non-adsorbed and
adsorbed terminal bleed DQ3 rabbit serum against LPS. Both serums have similar
titers of antibodies for LPS.

Table 8: Antibody Responses of Non-Adsorbed and Adsorbed Rabbit Serums
Serum
Antibody Levels to Antibody Levels to Antibody Levels to
1244 Pili (-log of
PAK(pPAC46) Pili LPS (-log of serum
serum dilution) a
(-log of serum
dilution) a
a
dilution)
Non-adsorbed
5.30
4.40
4.20
Adsorbed
5.00
2.10
(a: level at endpoint, which is an absorbance of 0.2)
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4.20

IV.

Discussion
A.

The Growth Environment and P. aeruginosa 1244 Piliation

P. aeruginosa type IV pili are assembled and secreted through the bacterial
surface in a highly orchestrated manner. Beginning in the cytoplasm, the pilin structural
gene, pilA, codes for unprocessed pilin monomers. Monomers of this sort are exported
to the periplasm, where they attach to the inner membrane by their N-terminal leader
sequence. PilD cleaves the N-terminal leader sequence, and methylates the first amino
acid of the mature pilin protein (Strom and Lory, 1993). With contributions from various
other gene products, the mature pilin monomers are polymerized and thrust through
PilQ, an outer membrane pore, to take up residence on the bacterial surface (Shi and
Sun, 2002). This entire piliation process is regulated by a number of candidate
mechanisms, all of which are believed to respond to environmental signals (Huang et
al., 2003). However, very little is known regarding the nature of these signals. Previous
work does indicate though, that agitated cultures do not exhibit surface pili (Kelly et al.,
1989). In particular, the shaking motion may signal one or more of the bacteria’s
regulatory modes to shut off piliation. Additionally, the pilA gene is differentially
expressed in biofilm and planktonic cells, resulting in obvious variations regarding the
presence of surface pili or not (Sauer and Camper, 2001; Sauer et al., 2004; Whiteley et
al., 2001). Something in each of these two environments must exert effects on the
piliation process. Therefore, the present research sought to determine if P. aeruginosa
1244 cells grown on agar plates or in liquid broth exhibit differences in piliation.
The results presented in this project clearly indicate a difference in piliation
between P. aeruginosa 1244 plate and broth grown cells. When sheared pili and the
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remaining cells were analyzed using quantitative western immunoblot analysis, the
variation observed was dramatic. Referring to Figure 13 and Table 4, bacteria grown on
agar plates have a great amount more of both cellular and extra cellular pilin when
compared to broth grown cells. The speed of agitation for the liquid broth cultures did
not have a visible effect on this trend.
The present findings confirm the previous observation that agitated cultures do
not exhibit surface pili, and they extend this idea to all liquid broth cultures in general.
This suggests that when P. aeruginosa inhabits liquid broth environments, various
regulatory mechanisms switch off piliation. Taking this one step further, it is not
unreasonable to hypothesize that the numerous genes involved in pilus synthesis and
assembly are shut off also, especially the pilA gene. Possibly, it is not favorable
energetically for the bacteria to continue synthesizing, polymerizing, and thrusting pili
through the outer surface when they are growing in such an environment. P.
aeruginosa pili function primarily in adhesion and twitching motility. Twitching motility is
a form of surface movement, which apparently would not occur in liquid broth. As for
adhesion, there is little for the bacteria to stick on besides the flask surface or each
other. In a host-pathogen situation, there may be more for the bacteria to grab hold of,
but if the body fluid is moving at a rapid speed, adhesion may be difficult either way.
Therefore, P. aeruginosa may have evolved regulatory mechanisms to switch off
piliation when signaled by a liquid environment. Such a signal could simultaneously
increase flagella synthesis also, as these appendages are more suitable for swimming
than are pili. This seems feasible, as previous research agrees that planktonic cells
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possess flagella but not pili (Sauer and Camper, 2001; Sauer et al., 2004; Whiteley et
al., 2001).
The current finding that P. aeruginosa 1244 cells grown on agar plates produce
high levels of cellular and extra cellular pilin is fascinating. Biofilm cells are similar to
plate grown cells, but there is disagreement as to whether bacteria within biofilms
exhibit surface pili. Whiteley and colleagues (2001) previously put forth evidence that
the genes responsible for pili synthesis were not expressed in biofilm cells, whereas
Sauer’s group (2001; 2004) presented opposite results. It would seem the current
results resemble Sauer’s. However, there is question as to whether the plate grown
cells of this project were actually in a mature biofilm state. Normally, after inhabiting
agar plates for only 14 hours, P. aeruginosa 1244 cells have failed to form a true biofilm,
indicated by a lack of sticky matrix. Therefore, the plate grown cells in the current
research may represent a novel situation, if in fact they had yet to form a true mature
biofilm. Possibly, growth on an agar plate represents an intermediate phase situated
somewhere between planktonic and biofilm growth. The various environments along
this spectrum signal the regulatory mechanisms to switch on or off piliation and the
genes involved. Additionally, the agar plate may be analogous to initial colonization of a
host epithelial cell, during which pili are essential for adhesion and twitching motility. A
similar situation has been documented in Actinobacillus pleuropneumonia, another
gram-negative species possessing type IV pili. In this organism, the apfA gene is
equivalent to the pilA gene of P. aeruginosa, coding for the major pilin structural subunit.
The promoter upstream of this particular gene is only active when the bacteria are in
contact with a host cell or in a comparable environment. However, whenever A.
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pleuropneumonia inhabits broth culture making adhesion difficult, promoter activity is
negligible (Boekema et al., 2004).
In the future, microarray analysis could reveal much regarding gene expression
in P. aeruginosa 1244 plate and broth grown cells. It would surely prove interesting to
determine which regulatory genes exhibit altered expression levels, possibly exposing
the mechanisms involved. In addition, future work will want to sort out the debate as to
whether biofilm cells possess surface pili or not. This could, in itself, divulge insight
concerning the growth environment as a signal for regulatory mechanisms of piliation.
B.

Hyperexpression of the pilA Gene and its Effects on Piliation

In the above discussion, it was hypothesized that the lack of surface pili in broth
P. aeruginosa 1244 cells may be accompanied by a corresponding decrease in pilus
related gene expression. Possibly, the regulatory mechanisms responsible for
switching off piliation act simply by turning off transcription of some or all of the genes
involved. An obvious target would be the pilA gene, seeing as it codes for the major
pilus structural subunit. Therefore, the question was, how would hyperexpression of the
pilA gene affect piliation in both plate and broth grown bacteria?
Hyperexpression of the pilA gene was achieved by addition of the pPAC46
plasmid (Table 1) to P. aeruginosa 1244, and the results presented in this work show a
corresponding increase in piliation, regardless of the growth environment. As shown in
Figure 16 and Table 5, when sheared pili and the remaining cells were analyzed
through quantitative western immunoblot analysis, cellular and extra cellular pilin levels
increased for all growth conditions compared to that seen for 1244 cells. Strikingly, the
speed of agitation for the liquid broth cultures did have an effect on pilin levels.
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In the case of the bacteria grown on agar plates, the increase in piliation was not
surprising in the least. Wild type 1244 cells grown on agar exhibit surface pili, and it
only follows that they will produce even more if the pilA gene is hyperexpressed.
However, it was interesting that even with maximum pilA gene expression, the bacteria
grown on agar plates still managed to produce more pilin overall than the cells grown in
liquid broth. Therefore, perhaps something besides the pilA gene, such as another
synthesis or assembly gene, is altered in broth grown cells, preventing them from
achieving levels of piliation comparable to plate grown cells.
Considering the broth grown cells in this situation, much is notable. First and
foremost, because hyperexpression of the pilA gene allowed the broth grown cells to
somewhat overcome pilin suppression, regulation of this phenomenon seems at least in
part at the transcriptional level. However, at this point, concluding just pilA transcription
is turned off in broth cells would be invalid, especially since they never reached levels of
piliation comparable to plate cells. The possibility remains that other genes involved in
pilus synthesis and assembly have altered expression too. This does not necessarily
imply that gene expression must be repressed in broth cells, though. Plate cells could
have increased expression of pilQ, for example, allowing more pili to be thrust through
the outer membrane. As mentioned earlier, microarray analysis in the future could aid
in finding answers regarding gene expression in broth and plate grown P. aeruginosa.
Next, one can see from the extra cellular to cellular pilin ratios (Table 5), the speed of
agitation had an obvious effect on levels of pilin in the broth grown cells. In particular,
cells shaken at 150 and 300rpm overcame the pilin suppression to a greater extent than
those in a stationary position or agitated at 75rpm. This variation throughout the four
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broth environments is yet another indication that more than just pilA gene repression is
responsible for this phenomenon. Other factors such as osmotic pressure, oxygen
level, etc. may play a role also. It is not unheard of for environmental cues of this nature
to affect gene expression. Tomich and Mohr found osmolarity, temperature, pH, and
iron availability alter cable pilus gene expression in Burkholderia cenocepacia (Tomich
and Mohr, 2004a). To determine if a similar scenario in P. aeruginosa occurs, future
experiments could measure environmental factors of this sort in each of the various
broth conditions.
Next, with the idea that something besides just pilA gene expression differed
between plate and broth grown cells, a new strain of P. aeruginosa, 1244N3(pPAC46),
was examined. As noted in Table 1, 1244N3 is pilin deficient due to an inactivated rpoN
gene. The rpoN gene codes for the σ54 subunit of RNA polymerase, which is required
for normal expression of pilA (Ishimoto and Lory, 1989). However, whether or not rpoN
or its gene product serve alternate functions is not known. Again, the pPAC46 plasmid
allowed for hyperexpression of the pilA gene. As with the 1244(pPAC46) cells, the
findings presented here demonstrate that the 1244N3(pPAC46) cells exhibited
increased piliation also, regardless of the growth environment. Figure 17 and Table 5
depict results obtained from quantitative western immunoblot analysis of the sheared pili
and remaining cells. Both cellular and extra cellular pilin levels increased for all growth
conditions compared to that seen for 1244 cells. Once more, the speed of agitation for
the liquid broth cultures did have an effect on pilin levels.
Again here, the results obtained for the bacteria grown on agar plates were not
unexpected. Also, the cells of this sort still produced more pilin overall than those
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grown in liquid culture, most likely for the same reasons discussed earlier. However,
the data gathered from the bacteria grown in broth is quite intriguing. First, the
1244N3(pPAC46) broth grown cells overcame pilin suppression, and in some cases
more so than similar 1244(pPAC46) cells. The only difference between the two strains
was the lack of rpoN in 1244N3. Perhaps then, rpoN or its gene product serves a dual
role when signaled by the broth environment, also regulating or stimulating a factor that
switches off piliation. Additionally, the speed of agitation again had an effect on pilin
levels in the broth grown cells, particularly those shaken at 300rpm. If one examines
the data closely, 1244N3(pPAC46) cells agitated at 300rpm possess even more surface
pili than the 1244 cells grown on an agar plate. As it was never even considered
possible, this was an unusual result. Therefore, it leads one to believe that not only are
pilA and rpoN involved in broth suppression, but one or more other environmental
factors such as osmotic pressure, oxygen level, or even just the speed of agitation play
roles also. Obviously, much future research is needed to sort out what all is involved in
this phenomenon.
C.

Surface Contact and Pili Induction in Broth Grown Cells

Knowing that P. aeruginosa 1244 makes pili when grown on agar plates, the
present research examined how quickly contact with a solid surface would induce pili
production in broth grown cells. The findings presented in this work indicate that within
120 minutes, surface pilin expression increased six-fold in stationary phase broth cells
following contact with an agar surface (Figure 18, Table 6). However, since pilin
production increased only slightly throughout the first 30 minutes, it was possible the
cells were entering the logarithmic phase of bacterial growth during this time period. If
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so, exponential growth might be the stimulation for pilin production and not surface
contact at all. To learn more concerning the first 30 minutes, logarithmic phase broth
cells were examined, and the current results show that within 120 minutes, pilin
production increased over 100-fold in these particular cells following contact with an
agar surface (Figure 18, Table 6). However, the same lag in pilin production was again
observed in the first 30 minutes. Therefore, it is more likely that the first 30 minutes
represent a signaling pathway stimulated by surface contact leading to a final increase
in pili assembly. For the future, an interesting experiment would be to examine gene
expression via microarray analysis in each set of cells throughout the 120 minutes. One
would presume expression of various regulatory genes will increase during the first 30
minutes, followed by a subsequent raise in expression of pilus related genes. An
analysis of this sort may even reveal the exact nature of the signaling pathway
responsible for initiating piliation following contact with an agar surface.
Notably, as is evident from the discussion above, logarithmic phase broth cells
exhibited a greater increase in pilin synthesis than similar stationary phase cells
following contact with an agar plate. Perhaps exponential growth does relate in some
way to the surface expression of pili. Also, because of the difference, one is likely to
question the cause of the pilin increase. Induction may be occurring, but perchance it is
simply pilin replacement, meaning as the bacteria continue growing and doubling, the
quantity of pilin follows suit. With only a six-fold increase in pilin production for the
stationary phase cells versus over a 100-fold increase for the logarithmic phase cells,
the cause of the pilin increase is questionable for those stationary phase cells.
However, previous work showed pilus gene expression varied with bacterial growth
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phase. In A. pleuropneumoniae, expression was highest in exponentially growing
bacterial cells (Boekema et al., 2004). Therefore, it is not unreasonable to speculate
that surface contact did induce pili production. The differential increases observed may
simply be due to the growth phases of the particular cells examined.
The kinetics of pili induction in broth cells are interesting, as well. Logarithmic
phase broth cells synthesized pilin on average at a slower rate than similar stationary
phase cells (Figure 19). Since logarithmic phase cells are doubling very rapidly,
allotting energy for growth is more cost effective than putting it into synthesizing and
assembling pili. However, the opposite is true for stationary phase cells, which could
explain why they exhibit a faster rate of pilin synthesis. A similar situation is seen in
Figure 20. The ribosomal bands appear to be thicker for the broth grown cells than for
similar plate cells, indicating a greater amount of ribosomal activity in the broth cells. As
ribosomal activity indicates growth, broth cells may be growing faster than plate cells. If
broth cells are in fact placing more energy into growth than similar plate cells, it may
explain their lack of surface pili.
D.

pilA Expression in Broth and Plate Grown Cells

The previously discussed experiments gave much indication that pilin
suppression was caused at least in part by transcriptional regulation of the pilA gene.
Therefore, through real-time RT-PCR analysis, the current work assessed expression of
this particular gene in P. aeruginosa 1244 broth and plate grown cells. It was
hypothesized that the pilin decrease observed in broth cells would be accompanied by a
similar decline in pilA transcript levels. This seemed a reasonable prediction, especially
since previous research revealed a comparable situation in B. cenocepacia. The cblA
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gene in this organism codes for the major pilin subunit, as does pilA in P. aeruginosa.
When the signal transduction pathway responsible for control of cblA was mutated, a
decline was seen in both pilin and cblA transcript abundance (Tomich and Mohr,
2004b). However, the results of the current project indicated nothing of the sort for P.
aeruginosa 1244 broth grown cells. Remarkably, the pilA gene was not differentially
expressed in broth and plate grown cells when compared to the oprL reference gene.
Although the results obtained were surprising, they are not inexplicable. To
begin with, efficient pili assembly requires that all major and minor pilin proteins be
present in the appropriate portions. As countless major structural subunits are
necessary for formation of a single pilus, this protein must be more abundant than the
other various structural and assembly proteins. Often times, the required fractions are
not achieved by transcriptional regulation, but through control at the posttranscriptional
level (Bilge et al., 1993). Specifically, following transcription, one or more mRNAs may
be processed resulting in a pool of processed and unprocessed mRNAs with varying
stabilities (Tomich and Mohr, 2004a). Presumably, the transcript of the major pilin
structural subunit would be processed in such a way as to make it more stable than the
others. Just this sort of system has been shown to regulate expression of cable pili in
B.cenocepacia (Tomich and Mohr, 2004a), CFA/I pili in enterotoxigenic E. coli (Jordi et
al., 1993), and Pap pili in E. coli (Baga et al., 1988) to name a few.
As documentation of posttranscriptional regulation continues to be more
frequent, there is no reason to believe it does not happen in P. aeruginosa also. This
sort of mechanism could surely serve as explanation for the current results concerning
broth and plate grown cells. Since bacteria grown on agar plates exhibit fair levels of

96

cellular and surface pilin, it seems posttranscriptional processing is occurring as normal,
allowing for efficient assembly of pili. However, in broth grown cells, an environmental
cue has most likely altered the process so that the pilA transcript is unstable and decays
just as rapidly as those of the minor proteins. In this regard, the similar abundance of
pilA transcript observed in broth and plate grown cells is no longer surprising. The
difference arises in RNA decay, not gene expression.
Quite a while ago, candidate regulatory genes with possible roles in control of
piliation were discussed. For many of these, such as ton3B and fimX (Huang et al.,
2003; Huang et al., 2004), the specific functions they serve remain a mystery. It is only
known they are needed for piliation and twitching motility. One could speculate genes
of this sort form a signaling pathway connecting environmental signals to the
mechanisms of posttranscriptional regulation, although this will remain speculation until
further research.
Notably, the results of the current project also indicated that both pilA and oprL
were differentially expressed in broth and plate grown cells on their own. It appeared
that expression of both genes was altered similarly within each growth condition (Table
7), indicating that oprL may not be a stable reference gene. With its expression
changing like that of pilA, comparison to the reference gene may mask any differential
pilA expression. Therefore, the results and discussion above could potentially be invalid
if oprL does prove to be useless as a reference gene in real-time RT-PCR.
For future work, there are many options. First and foremost, since it is debatable
whether the oprL gene is a suitable reference for use in real-time RT-PCR, one will want
to determine if pilA is differentially expressed in broth and plate cells via other
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techniques. These may include northern blot analysis or real-time RT-PCR with
absolute quantitation, as it does not require use of a reference gene. If the pilA gene
does prove to be expressed similarly regardless of the growth condition as the current
results suggest, one could compare pilA mRNA decay between broth and plate cells to
determine if there is in fact a difference regarding stability. Experiments could be
designed in hopes of discerning mechanisms of posttranscriptional regulation in P.
aeruginosa. Also, mutants for the various candidate regulatory genes could be tested in
the current broth and plate system in hopes of revealing any roles they may play.
E.

The Pilin Glycan as an Important Immunogenic Epitope

The P. aeruginosa 1244 pilin glycan and lipopolysaccharide O-antigen are
synthesized via the same biosynthetic pathway. Rabbits immunized with pure LPS-free
pili were shown to produce antibodies that recognized both pili and LPS (Jewell, 2004).
Presumably, it was the pilin glycan that stimulated antibody production against LPS,
seeing as both molecules arise from the same biosynthetic pathway with similar
structures. However, serum from the rabbits was never analyzed to confirm the glycan
is an important immunogenic epitope, responsible for a fair amount of antibody
production. Therefore, this experiment was designed to determine what extent the pilin
protein stimulates antibody production versus the pilin glycan.
The data presented in this work verify the idea that the pilin glycan is an
important immunogenic epitope. Figures 27, 28, and 29 depict ELISA assays of the
rabbit serum following removal of antibodies against the pilin protein. Both the
adsorbed and control rabbit serums exhibited high antibody responses to 1244 pili,
differing by only a log in their reactions. Such a large response in the adsorbed rabbit
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serum could have only occurred if the glycan is an important immunogenic epitope, as
this particular serum contained mainly glycan-specific antibodies. The additional
response observed in the control serum was pilin protein-specific antibodies reacting
with the 1244 pili. Moreover, both serums were able to respond equally well to LPS,
which is a strong indication that the pilin glycan is fueling both glycan- and LPS-specific
antibody production.
The current results hold implications for vaccine development. With solid
evidence that the pilin glycan is an important immunogenic epitope, a universal P.
aeruginosa vaccine is in reach. Immunization with glycosylated pili produces not only
pilus-based but also O-antigen based protection. The O-antigen based protection will
be especially important for fighting off those strains of P. aeruginosa lacking pili, as they
still possess a LPS layer. Therefore, further work in this area could include studies to
show that the P. aeruginosa 1244 pilin glycan is a protective epitope, similar to the
preliminary study conducted by Horzempa (unpublished). In addition, experiments
assessing the utility of this sort of vaccine against various strains of P. aeruginosa
would surely prove valuable.
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